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Abstract 
Gold and copper tertiary-phosphine complexes have been prepared and their 
abilities to deposit elemental metal from solution have been tested. These complexes 
were intended to be components of ink to be delivered on to suitable substrates by 
ink-jet printing processes. Testing their suitability in ink-jet technology has been 
undertaken by Avecia and Seiko-Epson (the project's industrial sponsors). 
Four methyl(tertiary-phosphine)gold(I) complexes with a general molecular 
formula, [R3PAuCH3] (R = Ph, C6114-p-F, C6114-p-OMe and Me), were prepared by 
reacting (tertiary-phosphine)gold(I) chloride with methyllithium. Toluene-d8 and 
decalin solutions of these complexes were heated to 100 °C and the rate of 
decomposition of each complex to gold(0), tertiary-phosphine and ethane was 
measured spectroscopically by NMR and GC respectively. The ease of deposition to 
gold(0) follows the order - 
C6H4-p-F> Ph> Me >> C61-14-p-OMe 
A series of eight tertiary-phosphine stabilised copper(I) aryloxide complexes, 
with the general molecular formula [{(RO)Cu(PR'3)m}n] (m = 1,2; n = 1,2,4), was 
synthesised with the intent to duplicate the results obtained for the gold(I) complexes 
with a copper system. All the copper(I) complexes prepared were found to be too 
thermally stable to be suitable for the aim of the project. X-ray structure 
determination was used to gain connectivity information on all the copper(I) 
aiyloxide/alkoxide complexes synthesised. A combination of steric and electronic 
factors appears to control the nuclearities and co-ordination numbers of the 
[{(RO)CU(PR'3)m}n] complexes formed from the reaction of thallium(I) 
aryloxide/alkoxide complexes with tertiary-phosphine copper(1) chloride complexes. 
Increasing the overall steric bulk was found to lead to copper(1) ions with lower 
coordination numbers while increasing the electron affinity of the ligands produced 
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1.1 Project Background 
This project is part of a collaborative venture between Seiko-Epson, Avecia and 
The University of Edinburgh. As part of Seiko-Epson's drive to maintain their 
position at the forefront of new technology in the microelectronics industry, they are 
investigating ways of laying down micro-circuitry for Thin Film Transistors (TFTs).' 
These will work in conjunction with novel technology based on Organic Light 
Emitting Polymers for the development of flat screen displays.2 This project looks at 
the solubilisation of key elements (gold and copper) so that they can be laid down by 
Ink-jet Printing technology and converted to conducting films. 
Current commercial products related to this approach are all based around 
polymer thick film technology, which uses screen printing techniques to lay down 
circuitry using very thick, metal flake inks. 3,4  Other so-called conductive inks on the 
market are solvent-based suspensions of metal powders/flakes for circuit repair, 
imaging in electron microscopy or contact formation for electrodes.5 With such 
systems it is evaporation of the carrier solvent that produces conducting tracks by 
leaving metal powders or flakes on the substrate surface. The two key factors that 
rule out these systems for ink-jet printing as they stand are their high viscosity and 
particle size (>5p.m). In general though, the printed circuit board industry still uses a 
subtractive approach based on masking and etching large copper surfaces.4 The 
concept of using ink-jet techniques for this purpose has been mentioned before in the 
literature but as yet not further developed or used commercially. It is proposed that 
interest in this area will increase as the demand for miniaturisation and ease of 
fabrication increases. 
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1.2 Current Ink-jet Printing Technology 
Ink-jet is a non-impact dot-matrix printing technology in which droplets of ink 
are jetted from a small aperture directly to a specified position on a medium to create 
an image. Lord Rayleigh described the mechanism by which a liquid stream breaks 
up into droplets in 1878.6 It was not for a further 87 years that use of a pressure 
wave to oscillate an orifice to break up a stream of ink into droplets of uniform size 
and spacing was reported.7 An electrical charge can be impressed on the drops 
selectively as they form out of the ink stream. The uncharged particles fly straight to 
a gutter to be recycled while the charged drops are directed to the media (Figure 
1.1 )•8 This continuous drop system is still used today because of its unique way of 
obtaining the grey scale through a burst of small drops.9 
Figure 1.1 A schematic of a continuous Ink-jet, multiple deflection system 





deflection plate F1 
Paper 
The majority of ink-jet printing devices today use a drop on demand method 
to deliver the ink thereby eliminating the formation of unwanted drops and the need 
for a recycling system. This has reduced manufacturing costs and increased 
Oj.xs 
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miniaturisation. There are two major methods used to deliver the ink; thermal and 
piezoelectric, depending on the mechanism used in the drop formation process. 
In 1979 Endo and Hara of Canon invented the "thermally induced drop on 
demand" ink-jet printing method which would later be called "bubble jet".'° The 
thermal ink-jet consists of an ink chamber containing a heater that is positioned close 
to a nozzle (Figure 1.2). 	The water-based ink is locally heated almost 
instantaneously to approximately 300 °C, which is above the supercritical 
temperature for the ink, causing water bubble nucleation to occur. As the bubble 
expands the ink is forced out of the nozzle. Once all the heat stored in the ink is 
dispersed the bubble begins to collapse and as it does so the ink droplet breaks off. 
This whole process of bubble formation and collapse takes less than 20 ps (Figure 
1.2).11 The time it takes for the ink in the storage chamber to refill the ink-head 
varies depending on viscosity and channel geometry. However, this is usually within 
the range of 80 to 200 1.xs. 
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Around the same time Hewlett-Packard independently developed a different 
ink-jet technology known as the "piezoelectric drop-on-demand" method. 12  This 
method uses the deformation of a piezoceramic material to generate a pressure wave 
that propagates to the nozzle. This acoustic pressure wave overcomes the surface 
tension force of the ink meniscus so that an ink drop can begin to form. If the 
acoustic pressure is great enough the drop is expelled towards a substrate. 
Today, ink-jet technology is used in a wide range of applications including 
home, office, industrial and textile printings and is expected to continue to grow in 
the future as it is utilised by new commercial ventures! 
1.3 Current Methods of Metal Deposition 
On searching the literature it became apparent that there were three methods 
which could be modified to exploit ink-jet technology to produce microcircuitry. 
These are discussed below. 
1.3.1 Adaptation of Electroless Plating Technology for Ink-jet Printing 
of Circuitry 
Electroless plating relies on the presence of a catalytic surface at the site 
required for metal deposition before reduction to the metal, usually copper, occurs. 
This process is currently used in the production of circuit boards. 13 It typically 
involves the submersion of a pretreated circuit board in a solution containing a PdlSn 
colloidal suspension. This pretreatment promotes the adhesion of colloid particles to 
the substrate surface. After the adsorption of the metal colloid, the surface is coated 
with a photoresist and developed to reveal the circuit pattern. Copper is then grown 
on the exposed pattern by placing the board in a copper sulfate bath containing 
formaldehyde, where the copper reduction is catalysed by the exposed metal colloid 
(Scheme 1.1).14 
5 
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Scheme 1.1 The conversion of copper sulfate to copper metal in electroless 
plating 
Cu2 + HCHO + 2 Oft 	 Cu° + HCO2H + H20 
In early stages of this Seiko/Avecia supported project the option of directly printing a 
metal colloid was evaluated. This would eliminate the need for substrate 
pretreatment and photoresist steps and hence reduce the cost of the process. In our 
considerations for selecting the best strategy for laying down conducting circuitry 
directly by inkjetting, we decided that a chemical reduction protocol which would 
require overprinting or subsequent electroless plating would be slow compared to a 
"one-step processing" route. 
Since the original proposal was drawn up the adaptation of the electroless 
plating process has been reported by Benziger et al.'5 Here, a platinum citrate water 
based colloid with a concentration of platinum of 0.5 mg/ml was prepared 16  and 
placed in a standard "Hewlett-Packard HP 51626A" cartridge. This was loaded in a 
Hewlett-Packard Deskjet 400 and the colloidal tracks were then printed on to a 
polyethylene terephthalate surface. The printed Pt was the catalyst for subsequent 
copper deposition by electroless plating which was carried out in a similar manner to 
that reported by Schacham-Diamand.'4 
1.3.2 Modification of Metal Colloids for Ink-Jet Printing of Circuitry 
The second approach considered involves the printing of a metal colloid 
solution on to the surface of the substrate prior to a treatment that would convert 
these colloid particles in to conducting metal films. Colloid particles can be 
manufactured in a range of particle sizes and morphologies 17  and the stability of 
colloids can be greatly varied depending on the ligands bound to the surface of the 
colloid. 18  The information available on the colloids of noble metals, namely Ag, Au 
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and Pd, is advanced with cluster nuclearities ranging from 55 to 2057 being 
synthesised. 19 Problems of oxidation have made copper colloids difficult to stabilise. 
Recently polymers such as PVP have been used to stabilise colloidal copper particles 
of about 35 A diameter. 20 
In this project it was proposed that a stable metal colloid ink could be printed 
to form the shape of the conducting tracks. Overprinting of an ink containing bi-
functional surface ligands (of the type shown in Figure 1.3), which act as linkers 
between separate colloidal particles, would promote coagulation of the colloid. 
Electron conduction could occur by a direct pathway, if the linkers were conjugated 
systems, otherwise by electron tunnelling. 21 
Figure 1.3 Example of the bi-functional surface ligands synthesised 
N N 
t1f/N  
Dr. Timothy C. Higgs carried out this work in collaboration with Professor 
Ewan Smith's group at Strathclyde University which will not be discussed further in 
this report. 
1.3.3 Adaptation of Chemical Vapour Deposition (CVD) to a Chemical 
Liquid Deposition (CLD) Process 
Chemical Vapour Deposition is a technology that can also be adapted to lay 
down conducting tracks by an all liquid process. A vast amount of literature is 
devoted to CVD technology. The majority of the following information was 
extracted from three review articles. 22,21,24  The CVD process involves evaporation of 
7 
Chapter 1 	 Introduction 
volatile metal-containing compounds followed by transfer of their vapour to a 
reaction compartment. Here, the volatile material is decomposed, under low vacuum 
and hydrogen, and the decomposition products are deposited on to a substrate in the 
form of a film. Most commonly the decomposition is induced by a thermal process 
which is sometimes used in conjunction with irradiation or exposure to plasma. 24 
Volatile copper(II)-containing compounds have been known long before the 
CVD technology appeared e.g., copper(H)acetylacetonate, Cu(acac)2, was first 
reported in 188725  and by the early 1960s over sixty copper(II) 13-diketonates had 
been reported.26'27 To be useful in CVD processes the compounds must exhibit the 
following properties. They must undergo sublimation and re-sublimation in a high 
vacuum at as low a temperature as possible without decomposition. Thermal 
decomposition under the conditions for film deposition should occur at as low a 
temperature as possible with the minimum possible incorporation of by-products in 
the resulting metal film. High temperatures for decomposition result in films with 
lower copper content due to an increase of carbon impurities through ligand 
degradation. If the temperature of decomposition is too low then the compound 
decomposes prior to making contact with the substrate leading to amorphous film 
production. 
The decomposition route for copper(II)(acac)2 type complexes involves the 
cleavage of the Cu-0 bonds resulting in copper(0) and two acetylacetonate radicals. 
These react further with dihydrogen to form acetylacetonate, which can then be 
recycled (Scheme 1.2). 
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Scheme 1.2 Route of reductive decomposition for copper(Il)(3-diketonate) 
complexes 
R 	 R1 	 R 
0\cu/0 	
Cu(0) + 2 HO H2/ A 
" "o==( 
R 	 R 	 R 
\A 
R' 
Cu(0) + 2 •::: 
We rejected CVD as a suitable means of depositing metal(0) on a substrate 
because it has been shown to be very area non-specific, 28  the temperatures involved 
typically need to be in the range of 250 to 300 °C, to obtain the optimum 
decomposition rate,29 and the efficiency of the decomposition process (5 to 10%).29 
In this project it was envisaged that some of the chemistry involved in the CVD 
processes could be adapted for the deposition of conducting metal films by an "All 
Liquid Process". This process would involve the printing of a metal complex 
solution prior to thermal or photolysis treatment. This would result in decomposition 
of the complex to metal(0) which would bind to the substrate and by-products which 
would be removed. Avecia and Seiko-Epson envisaged that this "Liquid Metal" 
project could lead to the development of "desktop manufacturing plants" for the 
production of metal circuits. Prior to the design of suitable test complexes a basic 
strategy for laying down circuitry was developed (Section 1.4) and a list of criteria 
which the metal-containing ink components needed to meet was implemented 
(Section 1.5). 
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1.4 Adaptation of CVD to Chemical Liquid Deposition (CLP) 
The approach taken during this project was to adapt chemistry used in CVD to 
overcome the limitations of high operating temperatures and to be able to carry out 
operations in the liquid phase. The metal complexes would be dissolved in 
appropriate carriers to give low viscosity inks which could be easily coated and 
"cured" onto an appropriate surface to give a coherent conducting metallic film 
(Figure 1.4). The substrate would be cleaned prior to a compound that would act as 
glue being deposited on the substrate surface. This adhesion promoter would 
ultimately be situated between the substrate and the metal(0) atoms produced during 
the deposition step. An adhesion promoter may not always be needed. It was 
proposed that an adhesion promoter would be desired for the substrates in which 
Seiko-Epson were interested. The "Liquid Metal" ink would then be printed on to 
the substrate and a "thermal curing" step would deposit metal in elemental form. 
Washing and drying processes would remove any by-products to leave a conducting 
track. The contaminants would most likely consist of released ligands or new 
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Figure 1.4 The proposed method by which conducting metal films will be 
deposited and "cured" 
3/. Ink-Jet print circuit pattern 
2/. Application of 
adhesion 	
with "Liquid Metal" ink. 
1/. Clean substrate. 	promoter. 













1.5 The Criteria for a Suitable Test Complex 
A number of criteria, defined in discussions with Avecia and Seiko-Epson at the 
outset of the project, need to be met. 
. The metals of interest were copper and gold due to the low electrical 
resistivity properties they exhibit. 
alternative to gold. 
Copper was seen to be a cheaper 
The complexes of these metals, when formulated for use, must exhibit long 
shelf-lives under ambient conditions (1 atm, -25 °C <T < +25 °C) so that 
storage issues need not be addressed. 
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The controlled rapid decomposition of the metal complex to yield metal(0) 
should be thermally or photolytically induced. 
The temperature of this process should not exceed 150 °C above which 
many of the proposed substrates would be damaged. 
The half-life for the thermally induced deposition process must be less than 
25 minutes to ensure complete decomposition while retaining high 
throughput and good film quality. 
It is advantageous that the complexes be stable to hydrolysis and oxidation, 
reducing costs of production and use. This was not deemed an essential 
requirement however, as the storage, printing and decomposition of the ink 
could be carried out under an inert atmosphere. 
It is desirable that the complex should be soluble in low environmental 
stress solvents, reducing this cost of the production and use because by-
products would be less toxic and more easily disposed of or recycled. 
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1.6 Gold Complexes 
1.6.1 Gold Occurrence 30 
Gold (atomic number 79, mass number 196.97) is in group 11 (or 113) of the 
periodic table. It is found in nature in quartz veins and secondary alluvial deposits as 
a free metal or in a combined state. It is widely distributed although it is rare, being 
75th in order of abundance of the elements in the crust of the Earth. It is almost 
always associated with varying amounts of silver; the naturally occurring gold-silver 
alloy is called electrum. Gold occurs, in chemical combination with tellurium, in the 
minerals calaverite and sylvanite along with silver, and in the mineral nagyagite 
along with lead, antimony, and sulphur. It occurs with mercury as gold amalgam. It 
is generally present to a small extent in iron pyrites (fool's gold); galena, the lead 
sulphide ore that usually contains silver, sometimes also contains appreciable 
amounts of gold. Gold also occurs in sea water to the extent of 5 to 250 parts by 
weight to 100 million parts of water. Although the quantity of gold present in sea 
water is more than 9 billion tonnes, the cost of recovering the gold would be far 
greater than the value of the gold that could thus be recovered. Like many other 
precious metals gold is measured in troy weight where 1 troy ounce is equivalent to 
31.08 grams. For many years the price of gold was set at $20.67/troy ounce. In 
March 1968, a two-tiered pricing system was established for gold because of a gold 
crisis, $35.00/troy ounce on the international market and a new, fluxional market 
price. Gold is the third most expensive precious metal. The precious metals prices at 
07:24 on 20th  February 2002 on the "Comex Change" can be seen in Table 1.1. 
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Table 1.1 Prices of the precious metals - 20th February 2002 on the "Cornex 
Change" 





1.6.2 Gold Uses31  
The metal has been known and highly valued from earliest times, not only 
because of its beauty and resistance to corrosion, but also because it is easier to work 
than all other metals. In addition, gold is easier to obtain in pure form than the other 
metals. Because of its relative rarity, gold became used as currency and as a basis 
for international monetary transactions and is now used as a monetary standard. 
The major portion of the gold produced is used in coinage and jewellery. For 
these purposes it is alloyed with other metals to give it the necessary hardness. The 
gold content in alloys is expressed in carats (pure gold is 24 carat). Coinage gold is 
composed of 90 parts gold to 10 parts silver. Green gold used in jewellery contains 
copper and silver; white gold contains zinc and nickel, or platinum metals. 
Gold is used in the form of gold leaf in the arts of gilding and lettering while 
"Purple of Cassius", a precipitate of finely divided gold(0) and stannic hydroxide 
formed by the interaction of auric chloride and stannous chloride, is used in 
colouring ruby glass. Certain space satellites are coated in gold, as it is a good 
reflector of infrared radiation and is inert. 32 The cytotoxicity of gold(I) phosphine 
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complexes has been evaluated as complexes of the type [XAuPR3] have shown some 
signs of anticancer activity. 33 
1.6.3 Chemistry of Gold 
Gold is the noblest of all the metals as it is the only one that is not attacked by 
oxygen or sulfur at any temperature. However, it does react with all the halogens. 
Gold can be found in seven oxidation states (-I to +V). The oxidation states (I) and 
(III) dominate its chemistry, Au and Au3 having the electronic configurations [Xe], 
4f'4, 5d'° and [Xe], 4f'4, 5d8 respectively. 
1.6.3.1 Chemistry of Gold(-l) 
Gold(-I) has the electron configuration [Xe], 4f'4, 5d'° 6s2 and is isoelectronic 
with Hg°. The gold alloy CsAu has been known to have non-metallic properties for 
many years.34 It has also been recognised that gold could act as a pseudohalogen, 
based on the high electron affinity of gold (2.31 eV, cf 3.06 eV for iodine).35 CsAu 
has the CsC1 lattice structure and recent studies have shown that the compound is 
essentially ionic CsAu. In addition there is a steady trend towards less ionic 
character, and therefore more metallic character, in the series of alloys MAu (M= Cs, 
Rb, K, Na) .16  Gold(0) can be reduced to Au by the solvated electrons present in 
liquid ammonia and although these solutions have potential in the formation of low 
oxidation state gold complexes, coordination chemists have not studied these 
systems. 37 
1.6.3.2 Chemistry of Gold(0) 
Gold(0) is the most important form of gold in the world. Atomic gold is 
highly reactive and a number of complexes have been trapped by matrix isolation at 
low temperature. The complexes Au02, AuCO, Au(CO)2, AuC2FL1, AuC2H2 and 
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AuC61-16 have been prepared by condensing Au atoms with the appropriate reagent in 
noble or inert hydrocarbon matrices. The complexes with CO. C21-14 and C61-16 are 7t-
complexes.3 8,39,40,41 
1.6.3.3 Chemistry of Gold(l) 
As gold(I) is a relatively large metal ion which has low reduction potentials it 
is classed as a very soft metal ion and will bind preferentially to the softer end of an 
ambidentate ligand. This has been shown by many examples and is illustrated by the 
structure of {Au(SCN)(PPh3)2] reported by Muir et. al (Figure 1 
•5)42 
Figure 1.5 The structure of (Au(SCN)(PPh3)2] 
/PPh3  
Ph3P—AU 
Other ambidentate ligands which bind through their softer atoms to gold(I) include 
NCO S2032 and S032 .43'44 
Gold(I) complexes usually have a coordination number of two with a near 
perfect linear geometry. Occasionally, three and four coordinate complexes are 
observed with a trigonal planar and tetrahedral stereochemistry respectively. Linear 
gold(I) complexes are electronically unsaturated 14-electron complexes and the 
trigonal planar complexes possess 16-electrons. It is the four coordinate compounds 
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It is proposed that gold(I) complexes exist preferentially in a two coordinate 
linear geometry because of hybridisation between the 5d 2 and 6s orbitals of the 
metal ion (Figure 1.6) .41,4'   This leads to the formation of two new orbitals Wi  and 
W2 Extended hybridisation of W2  with 6Pz  then gives two empty orbitals suitable for 
accepting electron pairs from two ligands (Figure 1.6). The electron pair that was 
present in the 5d 2 orbital now occupies yj where the lobes are directed along the xy 
plane away from the ligands. Messmer and Puddephatt note while the hybridisation 
of 5d 2 with the 6s orbital is significant, 6Pz  interacts with ii1 and W2  to a much lesser 
extent.45'46 
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1.6.3.4 Chemistry of Gold(11) 
From Table 1.2 it can be seen that more energy is needed to give Au2 from 
atomic gold, than to give either Cu2 or Ag2 from the neutral atoms. The M3 state 
is reached more easily than for either Cu or Ag. The +11 oxidation state is less 
common for gold than either Cu or Ag. Gold(II) has a strong tendency to 
disproportionate to give Au' and Au". 
Table 1.2 lonisation Energies (kJ moi 1) of Cu, Ag and Au. 
Element 1st 2nd 3rd 
Cu 745 1958 3554 
Ag 731 2074 3361 
Au 890 1980 2943 
The majority of complexes whose empirical formula suggest the presence of Au" are 
really mixed oxidation state Au'-Au complexes. There are however many 
examples of binuclear gold(H) complexes with Au-Au bonds. One such example is 
the phosphoniodiylide complex [Au2I2{t-(CH2)2PMe2}2] (Figure 1.7) which was 
reported by Fackler et aL 47 
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Figure 1.7 The structure of (Au212{p-(CH2)2PMe2}2] 
1.6.3.5 Chemistry of Gold(III) 
All known gold(III) complexes are diamagnetic and in a low spin 
configuration. Having a d8 electronic configuration Au(III) has a strong preference 
for the formation of four coordinate, square planar 16-electron complexes. While 
gold(III) is still considered to be a soft metal ion it forms many more complexes with 
hard ligands, such as oxygen and nitrogen donors, than gold(I). One such example is 
shown in Figure 1.8 that was synthesised by the substitution of chloride ion by 8-
hydroquinolate. 
Figure 1.8 An example of a gold(Ill) complex which has ligands with hard 
donor atoms 
Au 
QN NI)!  
1 
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1.6.3.6 Chemistry of Gold(IV) and Gold(V) 
Very little is known about gold(IV) and gold(V) complexes. There are no 
well-characterised gold(IV) complexes and although they have been suggested as 
reaction intermediates 48  there is no firm evidence for them. Only the two gold(V) 
complexes, [AuF5] and [AuF6]-, are known and they have been shown to be very 
powerful oxidising agents. 49 
1.6.4 The Trans Influence 
The trans influence of a ligand (L) is the ability of a ligand to weaken the 
bond trans to itself in a complex. Strong cy-donor ligands donate a relatively large 
amount of electron density to the metal ion. This in turn causes a polarisation of the 
metal centre and hence a negative charge opposite to L. This results in a weakening 
of the bond to the trans-ligand. 
The series of ligands with decreasing trans influence is 50 - 
H> PR3 > SCN> F, CH3 , CO, CN> B(> Cr> NH3 > 0H 
The trans influence can be measured by many techniques including bond lengths 
from X-ray structures, vibrational spectroscopy and NMR. As both gold(I) and 
gold(111) complexes have ligands geometrically trans to each other the stability of the 
complex can be greatly affected by the trans influence. 
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1.6.5 A Generic Gold Conductor from Metallo-Organic Compounds 
The idea of using a soluble gold complex, that is printable, to lay down 
conducting tracks is not a new one. Vest et al. devised a method by which the 
commercially available gold(III)amine 2-ethyihexoate was screen printed onto 
aluminium oxide surfaces.51 The metallo-organic ink was then batch fired for ten 
minutes at each of the four successively higher temperatures; 120, 350, 500 and 850 
°C. It was concluded from this work that gold(III)amine 2-ethylhexoate, with 
nominal formula [(C6H9N2)2Au2(C8H1502)4], could be used to lay down conducting 
metal films that exhibited good adhesion to an aluminium oxide surface. In the 
formula C61-19N2 is the 2-ethyl-4-methyl imidazole anion and C81-11502 is the anion of 
2-ethyihexanoic acid. 
1.6.6 The Chemical Liquid Deposition of Gold 
Organo gold(I) complexes of the type [RAuL] with a wide range of organic 
groups R (alkyl, aryl and alkynyl) are known to thermally decompose to give 
gold(0), R-R and 2L when L is tertiaryphosphine, PR3, or isocyanide, RNC 
(Scheme 1.3).52 
Scheme 1.3 Thermal decomposition of [RAuL] type complexes 
[RAuL] 	A 	 R—R + 2Au + 2L 
Organo gold(III) complexes of the type [R3AuL] have been shown to decompose to 
gold films under conditions similar to those used in the CVD of the gold(I) [RAuL] 
type complexes. 53  It has been suggested that decomposition of the [R3AuL] 
complexes proceeds via a two step process, in which a gold(I) complex is formed via 
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reductive elimination of R-R (Scheme 1.4) which then undergoes further 
decomposition. 54 
Scheme 1.4 The formation of gold films through reduction of [R3AuL] via 
elimination of R-R and decomposition of the resulting gold(l) complex 
[R3AuL] 	A 	 [RAuL] + R—R 
[RAuL] 	A 	 R—R + 2Au + 2L 
In the project described in this thesis gold(I) complexes of the type 
[RAu(PR'3)] (R = alkyl) were selected for the development of CLD processes to 
form conducting gold(0) tracks. This work is discussed in detail in Chapters 2 and 3. 
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1.7 Copper Complexes 
1.7.1 Copper: Discovery and Occurrence 55 
Copper is a brownish-red metallic element is situated group 11 (or 1 B) of the 
periodic table, has the atomic number 29 and an atomic mass of 63.546. The name 
copper and its modern chemical symbol of Cu are both derived from aes cyprium 
(which later became cuprium) because the Romans named the metal after the 
location of their copper mines, Cyprus. 
Copper is approximately the 25th most abundant element in crustal rocks. It 
is usually found admixed with other metals, such as gold, silver, bismuth, and lead, 
and exists in small specks in rock, but individual masses weighing as much as 420 
tonnes have been found. The principal ores which are used for the recovery of 
copper are chalcopyrite (CuFeS), chalcocite (Cu2S) and the oxides cuprite (Cu2O) 
and malachite (CuCO3.Cu(OH)2). 
1.7.2 Copper: Uses 56,55 
The earliest known use of copper was about 5000 BC and by around 3500 BC 
it seems that ancient man in the Middle East had learned to extract it from its ore by 
reduction with charcoal. A great evolutionary step occurred shortly afterwards in 
about 3000 BC when tin was added to produce bronze, which is a much harder and 
more desirable alloy. The Bronze Age was one of the defming Epochs of man's 
development and the metal was used to manufacture all manner of metal tools and 
objects. Copper objects have been found among the remains of many ancient 
civilizations, including those of Egypt, Asia Minor, China, South-Eastern Europe, 
Cyprus and Crete. 
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Copper has been used in coins throughout recorded history and has also been 
fashioned into cooking utensils, vats, and ornamental objects. Copper was at one 
time used extensively for sheathing the bottom of wooden ships to prevent fouling. 
Pure copper is soft but can be hardened somewhat by being worked and many 
alloys of copper are far harder and stronger than the pure metal. Whilst they have 
higher resistivity and cannot be used for electrical purposes, they often have 
corrosion resistance almost as good as that of pure copper and are very easily worked 
in machine shops. The two most important examples are brass, a zinc alloy, and 
bronze. Tin and zinc are sometimes added jointly and no sharp dividing line can be 
drawn between brass and bronze. Copper is also alloyed with gold, silver, and 
nickel, and is an important constituent of such alloys as gunmetal, and German 
silver. 
Because of its many desirable properties, such as its conductivity of 
electricity and heat, its resistance to corrosion, its malleability and ductility, and its 
beauty, copper has long been used in a wide variety of applications. The principal 
uses are electrical, because of its extremely low electrical resistivity (1.543 x 10-' ) 
which is second only to that of silver (1.467 x 10 8 	It is used in outdoor power 
lines and cables, as well as in house wiring, lamp cords, and electrical machinery 
such as generators, motors, controllers, signalling devices, electromagnets, and 
communications equipment. 
1.7.3 Chemistry of Copper 
Copper is found in group 11 of the periodic table which places it in the d-
block of transition metals. The electronic configuration of copper(0) is [Ar] 4s' 3d'°, 
and not [Ar] 42  3d9, because of the increased stability gained from having half or 
full sub-shells. This has implications for the oxidation states that copper is able to 
exhibit. 
24 
Chapter 1 	 Introduction 
Copper shows five possible oxidation states ranging from 0 up to IV, with 
copper(I) and copper(II) being most stable and hence most commonly observed in 
complexes while the copper(0), copper(III) and copper(IV) complexes are much 
rarer. 
1.7.3.1 The Chemistry of Copper(0), d10s1 
Very little is known about this oxidation state; it is thought to exist in 
polynuclear species, in particular Cu2, Cu3 and Cu5 clusters which have all been 
characterised by matrix isolation techniques. 57  A copper(0) compound is formed 
when copper metal vapour and carbon monoxide gas are reacted to give the trigonal 
planar Cu(CO)3 and the dimer Cu2(CO)6.58  
1.7.3.2 The Chemistry of Copper(I), d1°  
Copper(I) is considered to be a soft acid, readily forming halide complexes 
with F, Br- and Cl-.59  There are few examples where the F ion acts as a ligand 
.60 
Copper(I) also preferentially binds to P and S ligands over the N and 0 analogues. 61 
The relative stability of copper(I) and copper(II) in aqueous solution depends very 
strongly on the nature of counter anions or other ligands present. In aqueous 
solutions only low concentrations, around 10-2 M, of copper(I) compounds can exist 
and the only ones that are stable are the highly insoluble examples (e.g. CuCl and 
CuCN).62 
In aqueous solution, in the absence of copper(I) stabilising ligands, 
disproportionation of copper(I) to copper(0) and copper(II) is favourable (Scheme 
1.5). Water is very rarely found as a ligand in copper(I) complexes, but is a common 
ligand in copper(II) chemistry. 
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Scheme 1.5 The disproportionation of copper(I) to copper(0) and copper(II)63 
.#U(aq) + e 	 OW.  
CU2(aq) + e 
2Cu 
CU°(aq) 	 E° = 0.52 V 
, + 
iU (aq) 	 E° = 0.16 V 
CU 	+ CU 2+ E° = 0.36 V 
The concentration of copper(I) in aqueous solution can be greatly increased 
by the addition of an excess of certain ligands which favour the formation of linear 
complexes such as [CuC121 and [Cu(CN)21 .61'64'65  
The lifetime of a copper(I) ion in water depends very much upon the 
concentration but usually the disproportionation is very fast, with half lives of the 
order of one second. A dilute solution may however, last for hours in the absence of 
air. In a solvent such as acetonitrile the copper(I) ion is effectively solvated by the 
CH3CN groups forming stable tetrahedral species [Cu(NCCH3)41+. The CuX halides 
have very high solubilities in nitrile solvents in contrast to their almost total 
insolubility in water. 
1.7.3.3 The Chemistry of Copper(II), d9 
Copper(II) is the commonest oxidation state of copper. The aqueous 
chemistry of copper(II) is extensive and a large number of salts of various anions, 
largely water soluble are known to exist in addition to a vast range of complexes. 66 
The copper(II) ion exists in aqueous solution as the [Cu(OH2)6]2 cation which is a 
useful starting material for copper(II) complexes. 
Copper(II) readily forms complexes with coordination numbers four, five and 
six. The electronic configuration of d9 leads to the metal ion showing Jahn-Teller 
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distortion, and in six coordinate complexes the majority of structures show two trans 
ligands which have significantly longer bond lengths to Cu than the other four 
ligands. 
There is a large number of chioro complexes which are quite stable in 
aqueous solution. 67  In the solid state, for example, [Cu2C16]2 anions are separated by 
large bulky counterions such as [Ph4P]+. When a smaller cation is present the dimers 
are often linked by the long Cu-Cl bonds which give infinite polymeric chains of 5 
and 6 coordinate coppers. 68 
Most of the copper(II) salts dissolve readily in water and give the aqua ions. 
It is then a simple task of adding ligands to the solution, which then substitute for the 
OH2 ligand to form complexes. It is straightforward to add by simple substitution 
four ligands but it is rare that the fifth or sixth will be so easily removed. The Cu2 
ion does not bind strongly to the fifth and sixth ligands and this intrinsic weak 
binding is added to the normal expected stepwise formation constants. The 
formation constants of K5 and K6 are very low. This can be attributed to the Jahn-
Teller effect. 
1.7.3.4 The Chemistry of Copper(III), d8 
There are a limited number of copper(III) compounds known, and these tend 
to be oxides of the form KC1102.69 These compounds are relatively easily obtained 
by heating the oxides in oxygen. Until the mid 1980's there were no Cu in 
complexes. More recently, important roles of copper(III) complexes in the human 
body have been discovered. While most of the copper in the body is in the +2 
oxidation state there is also a significant amount of copper(HI)70,71  in some 
biomolecules such as deprotonated peptides. Here the peptides stabilise the 
copper(III) ions by wrapping around the metal centre and so the donor atoms can 
adopt the ideal geometry for the most stable copper(III) complex. 
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1.7.3.5 The Chemistry of Copper(IV), d7 
This is a most uncommon oxidation state and there are only a few examples 
known. 72  The central copper ion in all examples is surrounded by hard 
electronegative ligands, namely F or 02.,  and the charge is balanced by alkali metals, 
as in Cs2(CuF6) which is prepared by the direct fluorination of Cs[CuC1]3 at high 
temperature (410 °C) and high pressure (350 atm). It is thought that the structure 
involves an octahedral [CuF6]4 anion, as the solid is paramagnetic Qeff = 1.5 BM) 
which suggests either a spin paired complex with t2g6 eg configuration or it is spin 
free (t2g5 eg2) with antiferromagnetic coupling of the three unpaired electrons .73 
1.7.4 Selecting Compounds for the Chemical Liquid Deposition (CLD) 
of Copper 
Copper(I) tert-butoxide has been shown to deposite copper under CVD 
conditions (400 °C, 1 x 10 Torr) on a number of substrates, including borosilicate 
glass, silicon, KBr, quartz aluminium and graphite. 74  No appreciable differences in 
the film morphology as a function of substrate were noted. The organic soluble 
cuprous tert-butoxide which is purified by sublimation at 170 °C (1 mm Hg)75, is 
likely to be too stable to be useful in the thermally promoted CLD process. 
Of the copper(I) alkoxides reported, the methoxide is the most thermally 
unstable. It is insoluble in organic solvents it decomposes at room temperature, 
sometimes explosively, generating formaldehyde, methanol and metallic copper 
(Scheme 1 .6).76  As a consequence, [Cu(OMe)] is too unstable to be of use as part of 
a copper based ink in a thermally promoted CLD process. 
Scheme 1.6 Decomposition of Cuprous methoxide 
Room 	 0 
2 Cu(OMe) 	Temperature 2 Cu(0) + MeOH 
+ H.'LH 
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Because copper(I) tert-butoxide and copper(I) methoxide show extreme 
variations in thermal stability and solubility in organic solvents it was envisaged that 
an alkoxide could be selected which would show thermal stability and organic 
solubility appropriate for formulation in an ink which would be used in a Cu(I) 
process based on ink-jet printing. A series of copper(I) aryloxide and alkoxide 
complexes have therefore been synthesised and tested in the work reported in this 
Thesis (see Chapter 4). 
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1.8 Phosphorus Ligands 
1.8.1 Phosphorus: Occurrence and Uses77 
Phosphorus is a reactive non-metallic element that is essential to living 
organisms and has many industrial uses. The atomic number of phosphorus is 15. It 
has an atomic weight of 30.974, is in group 15 (or Va) of the periodic table, and was 
discovered about 1669 by the German alchemist Heimig Brand in the course of 
experiments in which he attempted to prepare gold from silver. 
Phosphorus is widely distributed in nature and ranks 11th in abundance 
among the elements in the Earth's crust. It does not occur in the elemental form but 
is found mostly as a phosphate in phosphate rock and apatite. It is also found in the 
combined state in all fertile soil and in many natural waters. The element is 
important in plant and animal physiology and is a constituent of all animal bones, in 
the form of calcium phosphate. 
1.8.2 The Chemistry of Phosphorus 
Phosphines, PR3, and phosphites, P(OR)3, are some of the most common 
ligands associated with transition metal complexes. 78  The ease with which 
derivatives can be synthesised allows both the steric and electronic properties of the 
ligand to be tuned. The reaction of phosphorus trichioride with Grignard or 
organolithium reagents yields almost exclusively the tertiary-phosphine. However 
with bulky, highly branched alkyl groups, e.g. cyclohexyl, isopropyl or t-butyl, the 
intermediates R2PC1 or RPC12 can be isolated under the appropriate conditions. 79 
Phosphines have the ability to stabilise low oxidation state metal complexes 
through it-back bonding. 80 Tertiary-phosphine ligands bind to a metal ion by the 
donation of an electron pair to form a i-bond with the metal. Classically these 
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ligands are thought of as having empty 3d orbitals that can then overlap with suitably 
filled metal orbitals to from it-bonds (Figure 1.9). Recently this mode of back-
bonding has been disputed and a second model has been proposed in which the metal 
filled orbitals overlap not with the empty 3d orbitals but instead with the P-R - 
antibonding orbitals (Figure 1.9).'o  
Figure 1.9 The two proposed modes by which phosphorus is a it-acceptor 
ligand 
filled metal d orbital 
   
R 
empty P d orbital 
filled metal d orbital 
R 
one of the P-R *orbitals 
The it-acceptor properties of a phosphine, PR3, depend on the 
electronegativity of the R groups. This was shown by Grim et al. in the crystal 
structures of [R3PCr(CO)5] (R = Ph, OPh).81'82 Replacing triphenyiphosphine with 
triphenylphosphite resulted in the Cr-P bond length decreasing from 2.422 A to 
2.309 A. The formation of a stronger P-Cr bond by the triphenylphosphite can be 
ascribed to the enhanced it-back bonding resulting from the electronegativity of the 
PhO groups. As a secondary effect the Cr-C()  bond length increased and the C-
O(trans) also decreased as a result of the greater trans-influence of the more effectively 
it-bonding (PhO)3P ligand. This is discussed in further detail in Section 4.2.3.1. 
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1.8.3 Cone Angle 
Due to the large number of phosphine ligands available, steric factors are also 
of great importance. Values for cone angles of phosphine ligands were calculated 
and reported by Tolman 93  in the 1970's with further work in this area being carried 
out by Stahl and Ernst amongst others.84 The cone angle concept provides a relative 
order of steric size to any atom or substituent. Specifically a phosphorus-containing 
ligand is placed 2.28 A from a metal and the angle present at the vertex of the formed 
cone is measured (Figure 1.10). This provides a three-dimensional evaluation of 
steric size. The value of 2.28 A was chosen because it was the typical Ni-P bond 
distance. It is assumed that the relative ordering of ligands will hold for all other M-
P bond distances. A selection of Tolman cone angle values for phosphine ligands are 
given in Table 1.3. 
Figure 1.10 Measurement of the Tolman cone angle, 0, for a PR3 ligand. 
2.28 A 
Table 1.3 Tolman cone angles of selected tertiary-phosphines. 
Ligand PMe3  P(OMe)3  PEt3  PPh3  P(BU)3 
0/ 0 118 128 137 145 182 
32 
Chapter 1 	 Introduction 
1.9 References 
1 P. Calvert, Chem. Mater., 2001, 13, 3299. 
2 Z.R. Bao, Adv Mater. 2000, 12, 227 and refs therein. 
3 K. Gilleo, "Polymer Thick Film", Van Nostrand Reinhold (New York, 1996) 
4 Commercial website: http://circuitworld.com/subpage/oct95.htm  
5 Commercial websites: http://www.achesoncolloids.coml, 
http://www.nanopowders.com! 
6 F.R.S. Rayleigh, Proc. London Math. Soc., 1878,10,4-13. 
7 R.G. Sweet, Rev. Sci. Instrum., 1965, 36, 131. 
8 C. H. Hertz and S. I. Simonsson, U.S. Patent 3416153 (1968). 
9 	H.P. Le, J of Imaging Sci. and Tech., 1998, 42, 49. 
10 I. Endo, Y. Sato, S. Saito, T. nakagiri, and S. Ohno, (Canon), Great Britain 
Patent 2007162 (1979). 
11 W. Rung, in Proc. IS&T's 8th Int'l. Congress on Adv. in Non-Impact Printing 
Technologies, IS&T, Springfield, VA, (1992), 229. 
12 J. L. Vaught, F. L. Cloutier, D. K. Donald, J. D. Meyer, C. A. Tacklind, and H. 
H. Taub, (Hewlett-Packard), U.S. Patent 4490728 (1984). 
13 J. Kim, S.H. Wen, D.Y. Jung, R.W. Johnson, IBMI Res. Dev. 1984, 28, 697-
709. 
14 Y. Schacham-Diamand, J Micromech. Microeng., 1991, 1, 66. 
15 P. Shah, Y. Kevrekidis, J. Benziger, Langmuir, 1999, 15, 1584. 
16 J. Turkevich, R.S. Miner Jr., L. Babenkova, J. Phys. Chem., 1986, 90, 4765. 
17 E. Matijevic, Langmiur, 1994, 10, 8. 
18 G. Schmid, V. Maihack, F. Lantermann, S. Peschel, I Chem. Soc., Dalton Trans, 
1996, 589. 
19 G. Schmid, Chem. Rev., 1992, 1709. 
20 B. Chaudretet al, New I Chem., 1995, 19, 1265. 
21 P.W. Atkins, Physical Chemistry, 1994, Oxford, Fifth Edition, p 400. 
22 S.P Murarka, S.W. Hymes, Crit. Rev. Solid State Mater. Sci., 1995, 20, 87. 
23 I.P. Herman, Chem. Rev., 1989, 89, 1323. 
33 
Chapter 1 	 Introduction 
24 V.N. Vertoprakhov, S.A. Krupoder, Russian Chem. Rev., 2000, 69, 1057-1082. 
25 A. Combes, C.R. Hebd. Seances Acad. Sci., 1887, 105, 868. 
26 J.P. Fackler, Prog. Inorg. Chem. 1966, 7, 384. 
27 J.P. Fackler, F.A. Cotton,. Inorg. Chem. 1963, 2, 102. 
28 P Doppelt, Coord. Chem. Rev. Pt. 2, 1998, 178-180. 
29 R.L. van Hemert, L.B. Spendlove, R.E. Sievers, J. Electrochem. Soc., 1965, 112, 
1123. 
30 D.R. Lide, Handbook of Chemistry and Physics, CRC Press, 72nd Edition, p  4-
13. 
31 "Gold" Microsoft® Encarta® Encyclopedia 2000. © 1993-1999 Microsoft 
Corporation. 
32 Commercial Website: http://www.sti.nasa.gov/tto/spinoffl997/hm2.html.  
33 C.K. Mirabelli, R.K. Johnson, C. —M. Sung, L.F. Faucette, K. Muirhead, S.T. 
Crooke, Cancer Res., 1985, 45, 32. 
34 A.H. Sommer, Nature (London), 1943, 152, 215. 
35 E.C. Coffey, J.Lewis and R.S. Nyhoim, I Chem. Soc., 1964, 1741. 
36 H. Schmidbaur and K.C. Dash, Adv. Inorg. Chem. Radiochem., 1982, 25, 239. 
37 W.J. Peer and J.J. Lagowski, .1 Am. Chem. Soc., 1978, 100, 6260. 
38 D.Mclntosh and G.A. Ozin, Inorg. Chem., 1976, 15, 2869. 
39 P. H. Kasai, J. Chem. Soc., 1983, 105, 6704. 
40 G.A. Ozin, D.F. McIntosh, W.J. Power and R.P. Messmer, Inorg. Chem., 1981, 
20,1782 
41 A. J. Buck, B. Mile and 3. A. Joward, I Am. Chem. Soc., 1983, 105, 3381. 
42 J.A. Muir, M.M. Muir, S. Arias, Acta Crystallogr., Sect. B, 1982, 38, 1318. 
43 H. Ruben, A. Zalkin, M. 0. Faltens and D. H. Templeton, Inorg. Chem., 1974, 13, 
1836. 
44 J.L. Burmeister and N.J. DeStefano, Inorg. Chem., 1971, 10, 998. 
45 G.A. Ozin, D.F. McIntosh, W.J. Power, R.P. Messmer, Inorg. Chem., 1981, 20, 
1782. 
46 G.M. Bancroft, T. Chan, R.J. Puddephatt, J. S. Tse, Inorg. Chem., 1982, 21, 2946. 
47 J.P. Fackler, I.D. Basil, Organometallics, 1982, 1, 871. 
34 
Chapter 1 	 Introduction 
48 S. Komiya, T.A. Albright, R.Hoffman and J.K. Kochi, J. Am. Chem. Soc., 1977, 
99, 8440. 
49 K. Leary and N. Bartlett, J. Chem. Soc., Chem. Commun., 1972, 903. 
50 F.A. Cotton, G. Wilkinson, Advanced Inorganic Chemistry, 5th Edition, John 
Wiley and Son, New York, 1988, 1299. 
51 M. Vest, R.W. Vest, Intl. J. Hybrid Microelectronics, 1982, 5, 62-68. 
52 R.J. Puddephatt, Comprehensive Organometallic Chemistry, 1982, Permagon, 
Oxford, Vol. 2, p.765. 
53 R.J. Puddephatt, I Treumicht, .1 Organometal. Chem., 1987, 319, 129. 
54 R.J. Puddephatt, Polyhedron, 1994, 13, 1233. 
55 D.R. Lide, Handbook of Chemistry and Physics, CRC Press, 72nd Edition, p  4-9 
56 "Copper" Microsoft® Encarta® Encyclopedia 2000. (0 1993-1999 Microsoft 
Corporation. 
57 J. A. Howard, K. F. Preston, R. Sutcliff, B. Mile, I Phys. Chem., 1983), 87, 536. 
58 D. McIntosh, G.A. Ozin, J. Am. Chem. Soc., 1976, 98, 3167. 
59 M.N. Hughes, Inorganic Chemistry of Biological Systems, 2nd edn., Wiley, 
Chichester, (1981), p62. 
60 D. J. Gulliver, W. Levason, M. Webster, Inorg. Chim. Acta, 1981, 52,153. 
61 F. H. Jardin,Adv. Inorg. Chem. Radiochem., 1975, 17, 115. 
62 F. A. Cotton, G. Wilkinson, Advanced Inorganic Chemistry, 
5th  Edition, John 
Wiley and Son, New York, 1988. 
63 D.F. Shriver, P.W. Atkins, C.H. Langford, Inorganic Chemistry, 4th  Edition, 
Oxford, (1992), p244. 
64 I. M. Koithoff, J. E. Coetzee, .1 Am. Chem. Soc., 1957, 79, 1852. 
65 B.J. Hathaway, D.G. Holah and J.D. Postlethwaite, J. Chem. Soc., 1961, 3215. 
66 A. Musinu, G. Paschina, G. Piccaluga, M. Magini, Inorg. Chem., 1983, 22, 1184 
67 R.W. Ramette, Inorg. Chem., 1986, 25, 2481. 
68 D.J. Fife, W.M. Moore, K.W. Morse, Inorg. Chem., 1984, 23, 1684 
69 W. Levason, M.D. Spicer, Coord. Chem. Rev., 1987, 76, 45. 
70 T.G. Spiro, Ed., Copper Proteins, Wiley Interscience, New York, 1981. 
35 
Chapter 1 	 Introduction 
71 K. Karlin, J. Zubieta, Eds., Copper Coordination Chemistry, Vols 1 and 2, 
Adenine Press, Guilderland, New York, 1982, 1984. 
72 N. N. Greenwood and A. Earnshaw, Chemistry of the Elements, Pergamon, 
Oxford, 1984. 
73 W. Hamischmacher, R. Hopper, Angew. Chem., mt. Ed. Engl., 1973, 12, 582. 
74 P.M. Jeffries, G.S. Girolami, Chem. Materials. 1989, 1, 8. 
75 T. Tsuda, T. Hashimoto, T. Saegusa, .1 Am. Chem. Soc., 1972, 94, 658. 
76 G.Costa, A. Camus, N. Marsich, J Inorg. Nuci. Chem., 1965, 27, 281. 
77 D.R. Lide, Handbook of Chemistry and Physics, CRC Press, 72nd Edition, p  4-
21. 
78 G. Wilkinson, Comprehensive Coordination Chemistry, Pergamon, 1987. 
79 M. Fild and R. Schmutzler, in 'Organic Phosphorus Compounds', ed. L. Maier 
and G. M. Kosolapoff, Wiley, New York, (1972), vol. 4, p.  75. 
80 M.J. Winter, d-Block Chemistry, Oxford Chemistry Primers, 1994, p  66. 
81 H.J. Plastas, J.M. Stewart, S.O. Grim, J Am. Chem. Soc., 1969, 91, 4326. 
82 H.J. Plastas, J.M. Stewart, S.O. Grim, Inorg. Chem., 1973, 12, 265. 
83 C.A. Tolman, Chem. Rev., 1977, 77, 313. 
84 L. Stahl, R.D. Ernst, .1 Am. Chem. Soc., 1987, 109, 5673. 





Chapter 2 	 Tertiary-phosphine Stabilised Gold(I) Complexes 
2.1 Introduction 
Methyl(tertiary-phosphine)gold(I) complexes with the general molecular 
formula [R3PAuCH31 (R= Alkyl, Aryl) have been shown to decompose to elemental 
gold, ethane and free phosphine upon thermal treatment. 1,2,3  It was therefore 
speculated that complexes of this type would be of scientific interest in the 
production of conducting metal tracks. The proposed method of film deposition was 
via the ink-jet printed chemical liquid deposition route discussed in Chapter 1 
(Figure 1.4). 
2.1.1 Mode of Decomposition. 
It has been reported that alkyl(tertiary-phosphine)gold(I) complexes 
decompose via at least two routes: reductive coupling and disproportionation 
(Scheme 2.1). 
Tamaki et al. report that the disproportionation process (Equation A) is the 
dominant reaction in secondary and tertiary alkylgold(I) systems. This was 
rationalised because only trace amounts of the coupled alkyl dimers were detected 
when the decomposition of the tert-butyl and isopropyl complexes was followed by 
gas chromatography. In contrast, the opposite was found to be true for the primary 
alkyl complexes (e.g. ethyl and n-propyl). Here, it was the disproportionation 
products that were detected in only trace amounts and so the reductive coupling 
process dominated. 
Scheme 2.1 Decomposition pathways for complexes of the type [R-AuL] 
RH + R(-H) + 2 Au + 2 L 	 - (A) 
2 R—AuL 	 LPR3 
low R—R + 2Au +2L 	 -(B) 
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Methyl(tertiary-phosphine) gold(I) complexes, [CH3-Au(PR3)], were found to 
yield ethane as the sole hydrocarbon product in high yield upon decomposition. 
When the decomposition is carried out in the presence of hydrogen donor solvents 
such as decalin, ethylbenzene and tetralin5'6 and molecular oxygen, ethane is still 
produced in high yield suggesting that methyl coupling proceeds by a molecular and 
riot a radical process. Tamaki et al. suggested the rate determining step in the 
decomposition of [CH3-Au(PR3)] type complexes was the loss of tertiary-phosphine 
[Scheme 2.2 (A)]. This would then produce a CH3Au species which would react 
with one equivalent of initial complex to form ethane, gold(0) and tertiary-phosphine 
[Scheme 2.2 (B)]. 
Scheme 2.2 Proposed mechanism for the decomposition of [CH3-Au(PR3)] 
complexes 
CH3AuL 	 CH3Au + L 
	 -(A) 
CH3Au + CH3AuL 	 CHCH3 + 2 Au + L 	- (B) 
2.1.2 Factors Considered in the Design of the Gold(l) Complexes 
2.1.2.1 Trends in Temperature of Decomposition 
If the assumption is made that the rate determining step (R.D.S.) of the 
decomposition is the loss of phosphine, it is then apparent that the rate and 
temperature of decomposition would be greatly dependent on the strength of the Au-
P bond and hence the nature of the phosphine R-groups. Electron donating groups 
would lead to an increase in the electron density across the Au-P cs-bond and so 
strengthen it. This would lead to a reduction in the rate of decomposition. The 
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opposite would then be true for a gold(I) complex which contained a phosphine with 
electron withdrawing R-groups. 
2.1.2.2 Solubility of Complex and By-products 
The solubility of the precursor/decomposition products in the delivery solvent 
could be of vital importance as once the gold(I) complex has decomposed, the 
phosphine ligand released could become entrained within the resulting gold film if 
not sufficiently soluble. This impurity would lead to a marked decrease in the 
conductivity of this metallic film. The use of certain organic solvents is acceptable 
(e.g. hydrocarbon based) for these precursors but for the process to be both 
economically and environmentally friendly the production of water soluble systems 
would obviously be advantageous. What ever solvent is ultimately used, the 
complex must be sufficiently soluble so that there is enough gold(I) precursor present 
in solution. If this is not the case, the gold(0) film produced would not be of the 
required thickness for the application and so a second printing and thermal 
deposition step would be required to build up the film. 
2.1.2.3 Increasing Purity of Film by Making all By-products Volatile 
It was proposed that all the by-products would evaporate from the gold 
solution/film during the decomposition process if a low boiling tertiary phosphine 
were used (e.g. PMe3). This would greatly reduce the number of possible 
contaminants in the gold(0) film as the phosphine ligand would evaporate out of 
solution with the ethane as the gold(I) complex decomposed. 
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2.2 Synthesis of Tertiary-phosphine Stabilised Gold(l) 
Complexes 
In order to synthesise gold complexes of the type [RAuPR3] firstly the 
phosphine stabilised gold(I)chloride complex was synthesised. This was prepared 
from the reaction of 1-i[AuC14], one of the most widely used gold starting materials, 
with two equivalents of the tertiary-phosphine (Scheme 2.3A). The phosphine acts as 
both reducing agent and ligand in these reactions, the mechanism of which has been 
studied in detail.' Simple alkylgold(I) complexes were first reported in 1959, and 
were prepared by alkylation of gold using alkyllithium reagents (Scheme 2.3B).8 
Scheme 2.3 Synthesis of tertiary-phosphine stabilised gold(l) complexes 
H[AuCI4] + 2 PR3 	 [AuCI(PR)] + Cl2PR3 + HCI 	- (A) 
[AuCI(PR3)] + MeLi 	 (AuMe(PR3)] + LiCI 	 - (B) 
2.2.1 Synthesis of Chloro(tertiary-phosphine)gold(I) Complexes 
The chloro(tertiary-phosphine)gold(I) complexes, [Au(PPh3)Cl] (1), 
[Au{P(C6H4-p-F)3}Cl] (2), [Au(PMe3)Cl] (3) and [Au{P(C6H4-p-OMe)3}Cl] (4) 
were all synthesised via the method shown in Scheme 2.3A and discussed in detail in 
Section 2.5.1 
The tertiary-phosphine was added in one portion to the stirring yellow 
solution of hydrogen tetrachloroaurate in THE The reaction flask was covered in 
aluminium foil and stirred overnight at room temperature. The reaction was worked 
up as described in the experimental section of this Chapter to isolate the products in 
high yield and purity (Section 2.5.1). Crystals of 2, suitable for X-ray structure 
determination, were obtained by the slow evaporation of a chloroform solution. The 
data obtained was solved and refined by Mr Andrew Parkin. The crystal structures 
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of 1 and 3 were obtained from the C.S.D. (reference codes CTPPAU and LEXHOL 
respectively)."" 
It has been assumed on the basis of a limited amount of structural data that 
complexes of the type [Au(PR3)Cl] are monomers with a linear geometry at the gold 
atoms. This is generally the case for large or medium-sized phosphine ligands 
however it has been shown that weak second order Au. . . Au bonding can lead to 
dimeric, tetrameric and polymeric structures. 10,11,12 
Comparison of the molecular structures of complexes 1-3 (Figure 2.1) allows 
the trans influence (discussed in Section 1.6.5) of various phosphines to be observed. 
It can be seen from the data in Table 2.1 that the degree with which a tertiary-
phosphine can donate its electron pair to gold(I) and the relative strength of that bond 
has an effect on the strength of the trans bond. In changing triphenyiphosphine to 
trimethylphosphine in complexes 1 and 3 it can be seen that the Au-P bond remains 
the same within deviation values. The Au-Cl bond however increases due to the 
increase in electron donating power of the phosphine which in turn causes the gold(I) 
ion to be more negative in character. 	It could be expected that tris(-4- 
fluorophenyl)phosphine would have the opposite effect, because of the negative 
inductive effect of the fluorine atoms, however this is not the case. It is proposed 
that this is due to an increase in the strength of the it-back bond, which results in a 
decrease in the Au-P distance and hence an increase in the Au-Cl distance relative to 
complex 1. 
42 
Chapter 2 	 Tertiary-phosphine Stabilised Gold(I) Complexes 
Figure 2.1 Molecular structures of complexes 1, 2 and 3. The hydrogen atoms 
have been removed in I and 2 for clarity 
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Table 2.1 Comparison of selected bond distances (A) and angles (°) in 







Bond Distances (A) 
Au-Cl 2.279(3) 2.286(2) 2.306(4) 
Au-P 2.235(3) 2.224(2) 2.233(3) 
Angles (°) 
Cl-Au-P 179.63(8) 176.06(7) 177.5(2) 
Although only minor differences can be seen between the molecular 
structures of complexes 1-3, large structural effects can be seen on comparison of the 
extended crystal structures of complexes 1-3 (Figure 2.2). Complexes 1 & 2, which 
have relatively large phosphine cone angles, have a monomeric structure. The 
aggregation of these monomeric units can occur in a head to head, tail to tail, head to 
tail or perpendicular fashion. Complex 3 however, crystallises with a helical chain 
structure that has Au.. .Au interatomic distances of 3.271 and 3.358 A. 
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2.2.2 Synthesis of Methyl(tertiary-phosphine)gold(I) Complexes 
The methyl(tertiary-phosphine)gold(I) complexes, [Au(PPh3)Me] (5), 
[Au{P(Ph-p-F)3}Me] (6), [Au(PMe3)Me] (7) and [Au{P(Ph-p-OMe)3}Me] (8) were 
synthesised by adapting the method used by Herrmann et al. in the synthesis of 
[Au(PPh3)Me] (Scheme 2.1B).13 
A stochiometric equivalent of methyllithium (1.6 M in ether) was slowly 
added to a stirring solution of the chloro(tertiary-phosphine)gold(I) complex in THF 
which had been pre-cooled to -78 °C. The reaction mixture was allowed to slowly 
warm to room temperature before the complex was isolated by the method described 
in Section 2.5.2. 
To obtain structural information about complexes of the type [Au(PR3)Me] 
crystals of 5 were obtained from a slowly evaporating ethanol solution. The 
structure was solved and refined by Mr Andrew Parkin. As with its precursor, 
[Au(PPh3)Cl], the molecular structure of S shows the gold(I) ion to be two coordinate 
and linear in geometry (Figure 2.3). 
Figure 2.3 Molecular structure of [Au(PPh3)Me] (complex 5). The hydrogen 






Chapter 2 	 Tertiary-phosphine Stabilised Gold(I) Complexes 
On comparison of the molecular structures of 1 and 5 it can be seen that the 
substitution of Cl- for Me results in a lengthening of the Au-P bond (Table 2.2). 
This is because Me is higher up the trans-influence series than Cl- as it is a better a-
donor. 
Table 2.2 Comparison of selected bond distances (A) and angles (°) in 





Bond Distances (A) 
Au-C1IC 2.279(3) 2.065(10) 
Au-P 2.233(3) 2.290(3) 
Angles (°) 
Cl-Au-P 179.63(8) 178.5(4) 
The replacement of Cl- with Me has had a much larger impact on the 
extended crystal structure. It can be seen (Figure 2.4) that replacement of the Cl-F
with Me has resulted in two adjacent molecules aligning in a "tail to tail" manner (5) 
when previously a "head to tail" orientation was observed (1). It is assumed this is 
due to crystal packing forces. 
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Figure 2.4 Sections of the crystal structures of complexes I and 5 
(1) 
(5) 
2.3 NMR shifts of Methyl Ligands in Complexes of the Type 
[Au(PR3)Me] 
'H and 31P NMR spectroscopy have extensively been used to study 
complexes 5-8. To examine the contribution the basicity and steric size of the 
phosphine ligands has in such systems these results were compared to those for 
[Au(PtBu3)Me] as it is a gold(I)complex which has a very bulky phosphine.'4 
Interesting relationships can be observed for both 1H and 31P NMR chemical shifts. 
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2.3.1 Results Obtained by Analysing Complexes 5-8 by 31P NMR 
Using the Tolman's cone angle values, the phosphines of interest can be 
placed in the following order according to their steric bulk" - 
PMe3 <P(aryl)3 <P(tBu)3  
It can be seen that as the steric demand of the R-groups increases the 
frequency of the 31P signal associated to the complexes also increases (Table 2.3). It 
would also be expected that as the phosphine binds to gold(I) the electron density in 
the gold orbitals would shield the 31P atom from the external magnetic field. This 
would result in the chemical shift moving to higher frequency. The relative effect 
that the gold(I) ion has on this shift to higher frequency also depends greatly on the 
steric bulk of the R-groups. It can be seen that as the bulk of the R-groups increases 
the relative shift to higher frequency decreases (Table 2.3). 





31P of PR3 (ppm) 
A(6 31P) signals 
(3 
 1Pcompiex - 31Punbound) 
ppm 
'Bu 95.4 14  +62.9 32.5 
Ph 48.1 6.316  54.4 
C6H4-p-F 46.2 9316 55.5 
C6H4-p-OMe 44.9 -10.6 16 55•5 
Me 14.1 -62.2 17 76.3 
49 
Chapter 2 	 Tertiary-phosphine Stabilised Gold(I) Complexes 
2.3.2 Results Obtained by Analysing Complexes 5-8 by 1H NMR 
The variation in the methyl ligand 'H chemical shift is much subtler. 
It has been shown that the pKb of tertiary-phosphines can be accurately 
calculated" from Equation 2.1 to give their relative aqueous basicities. 
Equation 2.1 Basisity of tertiary phosphines (PR3) 
R3P + H - Kb 	 [RPH] 
In Table 2.4 the basicities of PtBu3, PPh3, PPh-p-F3, PPh-p-OMe3 and PMe3  
are shown against the chemical shifts observed for the 'H signal corresponding to the 
Me ligand in each complex (Graph 2.1). The relationship observed is that, as the pKb 
of the phosphine increases the frequency of the Me signal decreases. This is 
reasonable because the pKb of the phosphine is directly related to the electron 
donating properties of the P-donor. Thus the phosphine becomes a stronger o-donor 
and so the electron density on the gold centre increases. As the Lewis basicity of the 
phosphine P-donor increases, the electron density on the gold(I) increases, this 
results in higher shielding of the methyl protons from the applied magnetic field, thus 
lower frequency shift of the -CH3 proton resonances (Table 2.4) is observed. 
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Table 2.4 11-1 NMR data of [Au(PR3)Me] type complexes and the pKb of the 
phosphine groups present 
R 'H signal for Me ligand (ppm) pKb of PR3 
'Bu 0.26 2.6016 
Me 0.31 5•3518 
C61-14-p-OMe 0.50 9•4316 
Ph 0.53 11.2716 
C6H4-p-F 0.53 12.0316 
Graph 2.1 Basicity of tertiary phosphines versus 11-1 NMR resonance 






6 	 PMe3 








Linear Regression for Datal_B: 
Y=A+BX 
Parameter Value 	Error 
A 	-4.80172 	1.46177 
B 30.37023 3.3094 
R 	SD N P 
0.98265 0.86375 5 0.00274 
0.25 	0.30 	0.35 	0.40 
	
0.45 	0.50 	0.55 
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2.4 Film Production and Purity Studies 
The NMR kinetic experiments, discussed in detail in Chapter 3, produced 
films of gold(0) on the inside of the NMR tubes which were of excellent visual 
quality, however no information was obtainable about purity, adhesion or 
conductance properties. In order that these properties could be measured gold(0) 
films were produced by Seiko-Epson from the decomposition of a toluene solution of 
[Au{ P(Ph-p-F)3 } MeJ (6). 
2.4.1 Film Production 
During early regio-selective decomposition studies three methods of surface 
treatment were used in the preferential binding of gold(0) to glass. "Piranha 
solution" (prepared by the dropwise addition of hydrogen peroxide (25 ml) to 
concentrated sulfuric acid (75 ml; 98 %) was used to fully hydrate the surface of the 
glass. 	The surface could then be treated further with either 3- 
mercaptopropyltrimethoxysilane (MPTMS) or pentafluoroethylsilane to give a —SH 
or —CF3 appeared surface. The relative rate of gold(0) formation on these surfaces 
upon the decomposition of [R3PAuMe] type complexes from a toluene solution 
varied according to the order, -SH> -OH> -CF3 (Figure 2.5).' 








hydrophobic = -CF3 
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It was envisaged that gold(0) could be selectively deposited by using a substrate 
which had been treated with one or more of these surface modifier compounds prior 
to the decomposition process. A five step process was subsequently developed to 
allow region-selective deposition (Figure 16). 
The substrate was patterned with a surface resist before treatment with a 
fluoroalkylsilane (FAS). The resist was removed, leaving regions of FAS treatment 
on the substrate. The substrate was then immersed in (MPTMS) solution to form a 
—SH appeared surface. To form the gold(0) films, the substrate was submerged in a 
toluene solution of 6 which was heated to 80 °C for one hour. 
The gold(0) films produced were of excellent visual quality and could be 
regio-selectively deposited with a resolution of less than 0.5 p.m (Figure 2.7). 
Figure 2.6 Substrate treatment and gold deposition 
I- L 	
(substrate: Si wafer) 
- AS  monolayer formation 
FAS 
Remove resist (lift off) 
SH FAS SH 	immersion into MPTMS solution 
to form SH appeared surface 
Gold _FAS  Goldjjjj 
 
MMjjjjjj 	[Au{P(Ph-p-F)3}Me] 2wt% 
in toluene, 80 O,  60 mm 
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2.4.2 Determining the Purity of the Gold films by Electron 
Spectroscopy for Chemical Analysis (ESCA)2°  
The films produced were analysed for purity by Electron Spectroscopy for 
Chemical Analysis. 
The use of ESCA was pioneered by the Swedish physicist K. Siegbahn, who 
subsequently received the 1981 Nobel Prize for his work.21'22 The technique provides 
not only information about the atomic composition of a sample but also information 
about the structure and oxidation state of the compounds being examined. 
Otherwise known as X-Ray Photoelectron Spectroscopy, ESCA works by 
irradiation of a sample (A) with a monochromatic X-Ray beam of known energy 
(hv). This causes displacement of an electron (e) from the sample to form an 
electronically excited ion (A+*)  with a positive charge one greater than that of A. 
The process can be represented as 
A+hv 	 A*+e 
The kinetic energy of the emitted electron, Ek,  is measured in an electron 
spectrometer. The binding energy of the electron, Eb,  can then be calculated by 
means of the equation: 
Eb = hv - Ek - w 	(w = work function of the spectrometer) 
The binding energy of an electron is characteristic of the atom and orbital from 
which the electron was emitted. 
Electron spectroscopy is limited by the poor penetrating power of electrons 
and so information on solids is limited to a surface layer of a few atomic layers thick 
(20 to 50 A). In order that information on the bulk of the film could be obtained the 
sample was sputtered with a beam of inert gas ions from an electron gun. This 
etches a hole in the sample and then information can be recorded as a function of 
depth. 
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ESCA examination of the gold films was carried out by Seiko-Epson and the 
average thickness was found to be 0.1 p.m. A spectrum was recorded at each depth 
for electrons with binding energies between 80 and 700 eV as this would cover all 
elements present in 6 (Figure 2.8). An electron in an oxygen is orbital has a binding 
energy of 532 eV and so it was also possible to observe the presence of dissolved 
oxygen which had been absorbed in the film. 
It can be seen that contamination of the gold(0) film by fluorine, carbon, 
oxygen and phosphorus decreases with depth. After sputtering the sample for 5 
minutes 30 nm of the surface has been removed from the sample (approximately 1/3 
of the sample). The sample at this depth is virtually pure gold. As contaminants are 
predominately at the surface, it can be assumed that the solubility of the by-products 
of the decomposition is high. Surface contamination is thought to come from 
tertiary-phosphine and toluene molecules that were deposited as residues as the film 
was allowed to dry. It is proposed that a washing step could be added to remove 
surface contaminants after the decomposition process. 
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2.5 Experimental 
All reactions were carried out using Schlenk-type apparatus under a dry, 
oxygen free nitrogen atmosphere or under vacuum. All solvents were dried under 
nitrogen prior to use by distillation from calcium hydride for DCM, potassium 
carbonate for ethanol and sodium/ benzophenone for ether, THF, hexane and toluene. 
Nuclear Magnetic Resonance spectra were recorded on Bruker AC250, 
Bruker AC200 and Varian Gemini 2000 spectrometers referenced to TMS. Mass 
spectra (+ve FAB) were recorded using a Kratos MS50TC spectrometer and 
elemental analyses were performed using a Perkin Elmer 2400 CHN Elemental 
Analyser. Gas chromatography analysis was carried out using a Perkin-Elmer Sigma 
3B Gas Chromatography Machine with a graphite packed column. 
2.5.1 Synthesis of Tertiary-phosphine Stabilised Gold(l) Chloride 
Complexes 
[Au(PPh3)Cl]23 	(1) 
Triphenyiphosphine (13.31 g; 5 mmol) was added in one portion to a yellow solution 
of hydrogen tetrachloroaurate trihydrate (10 g; 2.5 mmol) in THF (100 ml). The 
reaction mixture was allowed to stir at room temperature overnight. The solvent was 
removed in vacuo. and the white powder remaining re-dissolved in dichioromethane. 
This solution was passed though a silicon dry-flash chromatography column with 
dichloromethane and the filtrate evaporated to dryness to leave a white precipitate. 
Yield: 12.215 g, 24.73 mmol, 97 % 
1H NMR (CDC13, 200 MHz): 6 7.38 (br, 15H, PPh3) 
31p NMR (CDC13, 360 MHz): 6 34.45 (m, C1AuPPh3 with 31P-'3C coupling) 
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C18H15AuC1P (494.03) 	Cale. %C = 43.70 %H = 3.06 
Found %C = 43.99 %H = 2.93 
mhz (FAB) 459 
[Au{P(C6H4-p-F)3}CI] 	(2) 
This synthesis was performed as in the synthesis of 1 with the following 
reagent ratios: hydrogen tetrachloroaurate trihydrate (15 g; 38.08 mmol), tris(4-
fluorophenyl)phosphine (24.1 g; 76.39 mmol), THF (100 ml). Final product 
appearance: white powder. 
Yield: 20.27 g, 36.5 mmol, 97 % 
'H NMR (CDC13, 200 MHz): 8 7.2 (m, 6H, P(Ph-F)3) 7.5 (m, 6H, P(Ph-F)3) 
31P NMR (CDC13, 200 MHz): ö 31 (quintet, C1AuP(Ph-p-F)3 with 31P-13C coupling) 
C18H,2AuC1F3P (548.00) 
	
Cale. %C42.31 %H=2.35 
Found %C42.59%H2.16 
mlz (FAB) 513 
[Au(PMe3)CI] 	(3) 
This synthesis was carried out as for 1 but the temperature of reaction was 
kept at 0°C throughout and with the following reagent ratios: hydrogen 
tetrachloroaurate (1 g; 2.5 mmol), THF (20 ml), trimethylphosphine (0.5 ml; 5 
mmol). Final product appearance: white powder. 
Yield: 0.71 g, 2.31 mmol, 91 % 
'H NMR (CDC13, 200 MHz): ö 1.62 (d, 9H, J1 1.4Hz, PMe3) 
31P NMR (CDC13, 200 MHz): 3 -8.9 (s, Au(PMe3)Cl) 
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C3H9AuC1P (307.98) 	Caic. %C = 11.68 %H = 2.94 
Found %C= 11.75 %H3.02 
mlz (FAB) 273 
[Au{P(C6H4-p-OMe)3}CI] (4) 
This synthesis was performed exactly as for 1 with the following reagent ratios: 
hydrogen tetrachloroaurate trihydrate (1 g; 2.5 mmol), THF (20 ml), tris(-4-
methoxyphenyl)phosphine (1.792 g; 5 mmol). Final product appearance: white 
powder. 
Yield: 0.965 g, 1.76 mmol, 70 % 
'H NMR (CDC13, 200 MHz): ö 3.7 (s, 9H, OCH3) 6.9 (m, 6H, P-(C6H4-p-OMe)3) 7.4 
(m, 6H, P-(C6H4-p-OMe)3) 
C21H21AuC103P (584.06) 	Calc. %C = 43.13 %H = 3.62 
Found %C = 42.84 %H = 3.37 
mlz (FAB) 549 
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2.5.2 Synthesis of Tertiary-phosphine Stabilised Methyl-Gold(l) 
complexes 
[Au(PPh3)Me]13 	(5) 
To a stirred solution of C1AuPPh3 (3.5 g; 7.07 mmol) in THF (30 ml) at -78°C, MeLi 
(4.42 ml of a 1.6 M solution in diethylether; 7.07 mmol) was slowly added and then 
the solution was allowed to warm to room temperature. After 30 minutes the THF 
was removed under vacuum and the white solid formed was dissolved and extracted 
by DCM/ water. A purple film was produced at this point between the water and 
organic layers. This is caused by the formation of water soluble unstable salts of the 
type [R2AuPR'3]Li which gradually deposit metallic colloidal gold. The organic 
layers were collected and dried over MgSO4, which removes any residual purple 
colouration, filtered and evaporated to dryness in vacuo. leaving a white powder. 
Yield: 3.14 g; 6.62 mmol; 94 % 
1H NMR (CDC13, 200 MHz): 6 0.53 (d, 3H, J=8Hz, Au-Me), 7.38 (m, 15H, PPh3) 
31P NMR (CDC13, 100MHz): 648.1 (br, MeAuPPh3) 
C19H18AuP (474.08) 	Calc. %C = 48.12 %H = 3.83 
Found %C = 47.89 %H = 3.90 
mlz (FAB) 459 
[Au{P(C6H4-p-F)3}Me] 	(6) 
This synthesis was performed exactly as for 5 with the following reagent 
ratios: chloro [tris(4-fluorophenyl)phosphine]gold(I) (8.768 g; 16 mmol), THF (150 
ml), methyllithium (10 ml of a 1.6 M sol. in diethylether; 16 mmol). Final product 
appearance: white powder. 
Yield: 7.61 g; 14.4 mmol; 90 %. 
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1H NMR (CDC13, 250 MHz): 6 0.53 (d, 3H, J=8Hz, Au-Me), 7.15 (m, 6H, P(Ph-F)3), 
7.5 (m, 6H, P(Ph-F)3) 
31P NMR (CDC13, 100 MHz): ö 46.2 Me-Au-P(C6H4-p-F)3. 
C19H15AuF3P (528.05) 	Caic. %C = 43.18 %H = 2.84 
Found %C = 42.92 %H = 3.08 
mlz (FAB) 513 
[Au(PMe3)Me] 	(7) 
Methyllithium (9.63 ml of a 1.6 M so!. in diethylether; 15.4 mmol) was added 
dropwise to a suspension of C1AuPMe3 (4.755 g; 15.4 mmol) in TFIF (40 ml; -781C). 
After one hour at -78°C, the reaction mixture was allowed to warm to room 
temperature. The solution was passed through a canula filter and the solvent 
removed in vacuo to give a white powder that turns grey/ black on contact with air. 
This grey solid was sublimed on to an acetone/dry-ice cold finger at 0.2 mbar!60°C 
to yield a final white product. 
Yield: 3.155 g, 10.95 mmol, 71 % 
'H NMR (CDC13, 200 MHz): 8 0.79 (d, 9H, J=8.8Hz, PMe3) 0.86 (d, 3H, J=8.4Hz, 
Me-Au) 
3'P NMR (CDC13, 100 MHz): 5 14.1 (br, Me-Au-PMe3) 
C4H12AuP (288.03) 	Caic. %C = 16.68 %H = 4.20 
Found %C = 16.75 %H = 4.25 
mlz (FAB) 273 
[Au{P(C6H4-p-OMe)3}Me] (8) 
This synthesis was performed exactly as for 5 with the following reagent 
ratios: Chloro[tris(-4-methoxyphenyl)phosphine]gold(I) (1.012 g; 1.7 mmol), THF 
(20 ml), methyllithium( 1.2 ml of a 1.6 M sol. in diethylether; 1.7 mmol). Final 
product appearance: white powder. 
Yield: 0.86 g, 1.525 mmol, 88 % 
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'H NMR (CDC13, 200 MHz) 6 0.48 (d, 3H, J=7.7Hz, Au-CH3) 3.8 (s, 9H, OCH3) 6.9 
(m, 6H, P(C61-14-p-OMe)3) 7.4 (m, 6H, P(C6H4-p-OMe)3) 
31P NMR (CDC13, 100 MHz): 644.9 (br, Me-Au-P(C6H4-p-OMe)3) 
C22H24AuO3P (564.11) 	Caic. %C = 46.82 %H = 4.29 
Found %C=44.95 %H4.32 
mlz (FAB) 549 
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3.1 Thermal Decomposition of Gold(l) Complexes 
The thermal decomposition of all the MeAuPR3 complexes prepared to 
gold(0), ethane and tertiary phosphine could be qualitatively observed by preparing a 
solution of each complex in a suitable solvent such as CH202. A drop of this 
solution was then placed on a microscope slide that was then heated from below by a 
hot plate causing the solvent to evaporate leaving a thin white film of the complex. 
Upon continued heating, the complex would change in colour to deep purple 
indicating the formation of a colloidal gold intermediate species which further 
decomposed to produce a metallic gold(0) film. This crude method lead to the three 
complexes (5, 6, 7) being tested more thoroughly to obtain quantitative analysis on 
rates of decomposition. No further studies were carried out on chloro[tris(-4-
methoxyphenyl)phosphine]gold(I) (8) as it showed no signs of decomposition with 
this qualitative experiment. Previous work in this area used gas chromatography to 
detect the gases produced in the decomposition of various 
Scheme 3.1 Two possible mechanisms in the decomposition of RAuL type complexes 
R - R + 2Au(0) + 2L 	- equation I 
2 R—AuL 
RH + R(-H) + 2Au(0) + 2L 	- equation 2 
alkyl(triphenylphosphine)gold(I) complexes.' Tamaki et al. proposed two competing 
decomposition mechanisms upon the further analysis of the volatile by-products 
(Scheme 3.1). The first mechanism (Equation 1) is reductive coupling obtained 
through the cleavage of the R-Au bond while the latter shows disproportionation 
(Equation 2) of the alkyl group via H transfer to give alkane and alkene. The 
secondary and tertiary alkylgold(I) complexes examined decomposed predominantly 
via the disproportionation mechanism since virtually no coupled alkyl dimers (R-R, 
Equation 1) were observed. In contrast, the primary systems decomposed almost 
exclusively via the reductive coupling route forming only small yields of 
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disproportionation products. When the alkyl group is methyl, ethane is produced 
solely. In the methyl systems alkyl radicals can not be present in great quantities 
during the decomposition otherwise larger quantities of disproportionation products 
would be observed through hydrogen abstraction from the solvent.2 The gold(I) 
complexes studied (5, 6, 7) contained methyl ligands and therefore ethane was 
expected to be the exclusive product of the decomposition. 
A NMR experiment was designed to reproduce the rate of decomposition for 
methyl(triphenylphosphine)gold(I) observed by Tamaki et al. using a different 
experimental technique. This experiment would then be used to test the other two 
complexes (6, 7). 
3.2 31P and 1 H NMR Experiments 
3.2.1 Decomposition of Methyl(tertiaryphosphine)gold(I) 
It was proposed that the 31P NMR signal (48.1 ppm) assigned to 
methyl(tertiaryphosphine)gold(I) (5) would decrease in intensity as the complex 
decomposed while a new resonance signal which could be assigned to the free 
phosphine would appear (-5 ppm). 	A 31P NMR spectrum of 
methyl(triphenylphosphine)gold(I) in toluene-d8 was recorded once every 7 minutes 
whilst the sample was continuously heated in situ (100°C) to increase the rate of 
decomposition. As the complex decomposed, the 31P signal relating to the complex 
decayed and the signal corresponding to free triphenylphosphine developed (Figure 
3.1). The signal to noise ratio observed in each spectrum was too low for any 
quantitative results to be obtained from the experiment. The signal to noise ratio is 
very poor because the temperature of the NMR probe was 100 °C when the sample 
was loaded into the instrument. This made it very difficult to obtain a proper lock 
and shim on the sample. Increasing the number of scans collected for each spectrum 
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would have increased the signal to noise ratio however this also increases the time 
required to collect each spectrum. The complex is decomposing throughout the 
whole experiment so the shorter the time required to record each spectrum the more 
accurate the rates of decomposition. 
The proton signal of the methyl ligand was observed instead of the 
phosphorus NMR of the bound/free triphenylphosphine. This increased the signal to 
noise ratio so reducing number of scans required to obtain a spectrum from which 
quantitative results could be obtained. It was therefore possible to repeat the 
experiment with greater resolution in the results. The area of the MeAu signal is 
directly proportional to the percentage of complex decomposed so by plotting the 
methyl signals sequentially with respect to the time co-ordinate it was possible to 
observe the complex decomposing (Figure 3.2). The growth of a second much 
smaller signal to lower frequency of the methyl signal corresponding to ethane 
produced during the decomposition can be observed. This new signal grows until the 
experiment has run for 135 minutes. At this point that the decomposition begins to 
come to an end so less ethane is being produced and hence the ethane signal also 
decays as its rate of formation decreases below that of its diffusion out of the 
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solution. The percentage of complex decomposed was determined from the peak 
area of each methyl signal, and by simple mathematical interpretation a graph of 
percentage decay verses time was plotted to allow the decomposition to be observed 
(Graph 3.1). 
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Graph 3.1 Decomposition of methyl(triphenylphosphine)gold(1) with respect to time 
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The data were processed using the first order rate equation (3) and the rate of 
decomposition was determined by plotting -ln[A] against time to be 5.70 x 10-5 s'. 
The experiment was repeated and a concurrent result obtained so the other two 
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3.2.2 Decomposition of methyl(trimethylphosphine)gold(l) 
Methyl(trimethylphosphine)gold(I) was analysed under the same conditions 
as previously used for methyl(triphenylphosphine)gold(I) and showed a slow initial 
rate of decomposition followed by rapid decomposition (Graph 3.2). 
Graph 3.2 Decomposition of methyl(trimethyjphosphine)gold(I) with respect to time 
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The observed initiation period lasted 65 minutes before the rate seemed to 
greatly increase. However this was due to a gold film being formed on the inner 
surface of the NMR tube and was not indicative of the complex decomposing. 
Metallic gold possesses the property of reflecting radio waves very efficiently  so the 
radio frequency radiation produced by the coils in the NMR machine was reflected 
away from the sample. This results in all the proton signals in the spectrum decaying 
with time, not only the signal relating to the methyl protons. This effect prevents 
information on the rate of decomposition of the complex being extrapolated from the 
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graph after the gold film starts to form. This was not a problem during the 
decomposition of 5 because the film produced was not of sufficient quality to have a 
significant effect. The initial rate of decomposition of the complex was found to be 
3.06 x 10 s-1 by fitting the data to the first order rate equation (3) and plotting a log 
graph of the change in concentration vs time. The temperature at which 7 
decomposes instantaneously is 82°C and with an experimental temperature of 100°C 
it is expected that the complex would begin to decompose immediately. It is 
hypothesised as the complex decomposes the trimethyiphosphine produced co-
ordinates to non-decomposed complex resulting in the formation of the three 
coordinate gold(I)species methyl[bis(trimethylphosphine)]gold(I) (Scheme 3.2). It is 
proposed this new complex will have a decomposition temperature higher than the 
original complex due to the stabilising effect of two phosphine ligands and so the 
decomposition of methyl(trimethylphosphine)gold(I) is self hindering and hence 
slower than methyl(triphenylphosphine)gold(I). 
Scheme 3.2 Decomposition of methyl(trimethylphosphine)goid(I) showing binding of 
produced trimethyiphosphine 
	
Me—Au—L 	 - 	CH + Au(0) + L' 
Me—Au—L 	
L 	Me—Au--- -L 	Me—Au—L' 
L' 
L = U= P(CH3)3  
This proposal is corroborated by the ligand substitution reactions on 
methylgold and trimethylgold complexes carried out by Schmidbaur et al.. This 
work observed changes in the 1H NMR spectrum upon the conversion of 
methyl(trimethylphosphine)gold(I) to methyl [bis(trimethylpho sphine)]gold(I) by 
stoichiometric addition of excess phosphine to the NMR tube. Here addition of 
excess trimethyiphosphine causes the collapse of the CH3Au doublet to a singlet 
signal (similar to that shown in Figure 3.3). This observation can be explained in 
terms of rapid ligand exchange occurring at the CH3Au centre, the rate of which is 
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strongly dependent on the concentration of free ligand. When the concentration of 
free ligand is low the exchange process is slow on the NMR time scale and hence the 
'HCAu31P coupling is observed. Upon further addition of trimethyiphosphine the 
free ligand concentration increases, as does the rate of exchange until the process is 
faster than the experimental limit (2.5 x 102  s 1 at 30 °C) resulting in the collapsing 
of the doublet. Similar data to that observed by Schmidbaur et al. were obtained 
during the decomposition of methyl(trimethylphosphine)gold(I), however this time 
the source of excess phosphine came from the decomposition of the complex instead 
of addition of free ligand (Figure 3.3), 
Figure 3.3 Collapse of CH3Au doublet during decomposition of Me-Au-PMe3 in 
toluene-d8 at 100 °C 
CH 
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The CH3Au doublet is observed at the beginning of the experiment however 
by 11 minutes partial coalescence has occurred. Complete collapse of the doublet 
has occurred by 21 minutes in to the experiment after which the exchange rate 
continues to increase causing the peak to sharpen. Schmidbaur et al. noted any 
trimethylphosphine added after the sharp singlet had been obtained for the MeAu 
signal caused the P(CH3)3 doublet to convert to a singlet before finally shifting and 
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splitting to a final value close to that of pure trimethylphosphine. It is postulated this 
final signal change might have been observed during the 1H NMR experiment 
however as the gold film produced during the experiment masked the sample this is 
not certain. One limiting factor that cannot be discounted is trimethyiphosphine has 
a boiling point of 38°C and so will be evaporating from solution throughout the 
course of the reaction. This may result in the concentration of free phosphine 
reaching a maximum value lower than required to observe the final splitting and shift 
of the signal relating to PMe3. 
3.2.3 - Decomposition of methyl(tris-4-fluorophenylphosphine)goId(I) 
Methyl(tris-4-fluorophenylphosphine)gold(I) was observed to decompose too 
quickly for the NMR experiment to be run at 100°C so the temperature of the NMR 
probe was lowered to 70°C prior to the experiment being repeated (Graph 3.3). A 
log plot of the change in concentration vs time showed a rapid increase in the 
observed rate of decomposition after the experiment had been running for 70 
minutes. 	This was attributed, as in the decomposition of 
methyl(trimethylphosphine)gold(I), to the formation of a visually homogeneous gold 
film on the inner surface of the NMR tube (Figure 3.4). The gold film was again a 
problem as the integral of the MeAu signal is then not only dependent on the 
percentage of complex remaining but also the rate of formation of the film. The 
observed initial rate of decomposition, prior to this film production, was calculated to 
be 8.97 x 10 5  
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Graph 3.3 Decomposition of inethyl(tris(-4-fluorophenyl)phosphine)gold(I) with respect 
to time 
0 	50 	100 	150 
Time (minutes) 
Figure 3.4 Picture of gold film coating inside wall of NMR tube 
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3.2.4 Effect of an Adhesion Inhibitor on the Observed Rate of 
Decomposition of Methyl(Tris-4-fluorophenylphosphine)goId(I) 
Gold atoms are thought to bind to the surface of glass through surface oxygen 
atoms present as bridging hydroxide groups. To prevent the NMR tubes being 
coated by metallic gold during the decay process the inside surface of each NMR 
tube was treated with the adhesion inhibitor dimethyldichiorosilane. 
Dimethyldichlorosilane reacts with the surface OH groups forming bridging 
dimethylsilane on the surface (Scheme 3.3). In the case of glass this removes surface 
hydroxide/ oxide groups and so effectively removes potential gold(0) binding sites. 
To further hinder film production the sample was not spun during the NMR 
experiment so any particulate gold formed would fall to the bottom of the tube. The 
NMR kinetic experiment was repeated using methyl(tris-4-
fluorophenylphosphine)gold(I) in a dimethylsilated NMR tube and the results plotted 
as the percentage of complex decomposed as a function of time (Graph 3.4). 
Scheme 3.3 Hypothesised binding of dimethylsilane groups to a glass surface 
Me Me Me Me Me Me 
¶_• 1 
OH OH OH OH OH OH 
I 	
Me2S1Cl2 	 Si 	
Si 	Si 
I I I I I 	 I"  0 0 0 00 0 
I 	I 	I 	I 	I 	I 
This time the experiment did not produce a gold(0) film and particulate gold was 
observed at the bottom of the NMR tube. It can be seen that the apparent 
decomposition rate obtained for methyl(tris-4-fluorophenylphosphine)gold(I), prior 
to the gold film having an effect on the rate, was slower when the NMR tube was 
treated with dimethyldichiorosilane prior to the experiment and the tube was not 
spun. On fitting the data to the first order rate equation a rate of 3.52 x iO s 1  was 
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Graph 3.4 Graph comparing rate of decomposition of Me-Au-P(C6H4-p-F)3 in a 
dimethyldichiorosilane treated and non-treated NMR tube 
Time (minutes) 
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33 Chromatography5 
Chromatographic methods can be characterised based upon the type of 
mobile and stationary phases and the kinds of equilibria involved in the transfer of 
solutes between phases. Table 3.1 lists three general categories of chromatography 
(liquid, gas and supercritical-fluid). As the names suggest the mobile phase in these 
three techniques are liquids, gasses, and supercritical-fluids respectively. It must be 
noted that only liquid chromatography can be performed either in columns or on 
plane surfaces. The other two are restricted to column procedures to contain the 
mobile phase. Only gas-solid chromatography was used during this project and 
therefore is the only one to be discussed in more detail in this report. 
Gas-solid chromatography is based upon a solid stationary phase in which 
retention of analytes is the consequence of physical adsorption. Gas-solid 
chromatography has limited application owing to semi-permanent retention of active 
or polar molecules and severe tailing of elution peaks (a consequence of the non-
linear character of adsorption processes). This technique is widely used only in the 
separation of low-molecular-weight gaseous species, such as the components of air, 
hydrogen sulfide, carbon disulfide, carbon monoxide, carbon dioxide, nitrogen 
oxides and the rare gases. Gas-chromatography is performed with both packed and 
open tubular columns. For the latter a thin layer of the adsorbent is affixed to the 
inner walls of the capillary. In these tubular columns two types of adsorbents are 
encountered, molecular seives and porous polymers. A graphite packed column was 
used in all the experiments carried out during this project. 
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Table 3.1 Classification of column chromatographic methods 
General 
Classification 
Specific Method 	Stationary Phase 
Type of 
Equilibrium 
Liquid-liquid, or 	Liquid adsorbed 
	
Partition between 







Organic species 	Partion between 
Liquid-bonded 
bonded to a solid 	liquid and bonded 
phase 











interstices of a 
	
Partition / sieving 
polymeric solid 
Liquid adsorbed 	Partition between 
Gas-Liquid 
on a solid 	gas and liquid 
Gas 
chromatography 	
Organic species 	Partition between 
(mobile phase: gas) Gas-bonded phase bonded to a solid 	liquid and bonded 







Organic Species 	Partition between 
chromatography 	
bonded to a solid 	supercritical-fluid 
(mobile phase: 	
surface 	 and bonded surface 
supercritical-fluid) 
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3.4 Gas Chromatography Monitoring of Decomposition 
Experiments 
3.4.1 Decomposition of Methyl(triphenylphosphine)gold(I) 
Methyl(triphenylphosphine)gold(I) was decomposed in decalin at 100°C in a 
100 ml round bottomed flask as described in the experimental section of this 
Chapter. The colourless reaction mixture changed to the characteristic gold colloid 
purple colour before finally depositing a metallic gold(0) film as the reaction 
proceeded.6 The final solution appearance was clear and colourless and the products 
of the decomposition were shown to be ethane, triphenylphosphine and gold(0).' 
Propane (0.5 ml) was added to the head-space of the round-bottomed flask as an 
internal standard and these were separated and analysed as described in the 
experimental section of this Chapter. The ethane retention time was 0.16 minute 
while propane, due to its bulkiness, took 0.38 minute to pass through the column. 
Initial experiments involved the decomposition of a decalin solution of the 
gold complex at 100°C in a septum sealed round-bottomed flask, however this led to 
irreproducible results. It was proposed that the gas in the headspace of the flask was 
not mixing properly and the surface of each flask was different, having different 
numbers of binding sites available to the decomposing gold complex. Both would 
lead to inconsistency in the measured rates of decomposition as either the ethane 
produced was not being detected properly or the gold(0) atoms produced would bind 
with different rates to the surface of each flask. This was backed-up by the previous 
'H NMR result which showed the use of the adhesion inhibitor 
dimethyldichlorosilane resulted in a reduced measured rate of decomposition. In an 
effort to standardise the system round bottomed flasks were treated with aqua regia 
(HCl: H2NO3; 3:1) to remove all organic residues from the flask then "piranha" 
solution (H202: H2SO4;  1:3) which hydrates the surface of the glass coating it with 
hydroxide groups. 
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The GC experiment was repeated and this time it was decided the headspace of the 
flask should be mixed prior to removal of 0.02 ml samples by pumping a 5m1 gas 
tight syringe thus achieving equilibrium. The above cleaning and hydration steps 
resulted in the experiment having excellent reproducibility. Through simple 
mathematics, 9 percent of methyl(triphenylphosphine)gold(I) was shown to slowly 
decompose over a period of 93 minutes. Rapid decomposition followed this 
initiation period with the other 91 percent of sample decomposing over a further 150 
minutes (Graph 3.5). 
Graph 3.5 Decomposition of gold(I) complexes (5, 6, 7) with respect to time - observed 
by GC 
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From the work of Jae-Ho Kim et al. on gold colloids of various sizes (12, 41 
and 71 nm) it is thought that gold nanoparticles adsorb to the surface of glass by a 
two stage process (Scheme 3•4)7 
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Scheme 3.4 Schematic diagram of An particles forming a gold film 
0  "N, 	U- Nk4 
Monolayer formation 
Jae-Ho Kim observed that a monolayer must first form (Equations 4 & 5) 
before multilayering can proceed (Equation 6). The adsorption of gold on to the 
surface can either proceed by ion dissociation (4) or by the formation of if (5). 
glass OH + Au - 	 glass - OAu 	+ H 	(4) 
glass OH + Au 	 glass OAu + H• 	(5) 
glass OAu + Au -. 
	
glass OAu 	 (6) 
Reaction 5 was found to be favoured considerably over (4) by 
electrochemical evidence  and conductometric analysis.9 	During the initial 
adsorption period, the formation of monolayer is favoured over multilayer as more 
surface functional groups are available than adsorbed gold particles on the substrate. 
The adsorption kinetics of gold colloid was found to vary drastically with particle 
size. For smaller gold particles (ca. 12 nm diameter) the formation of the first 
monolayer was found to be relatively faster than multilayer formation. Larger 
colloids (71 nm diameter) show monolayer adsorption to be slower than multilayer 
formation.7 This observation can rationalise the assumption that small particles are 
more effectively immobilised on the surface than large ones and hence reflect a 
larger k1 with a relatively smaller k3. 
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During the decomposition of methyl(triphenylphosphine)gold(I) a long 
initiation period is observed during which a small amount of complex decomposed, 
and this was followed by rapid decomposition of the remaining complex. It is 
hypothesised that, as this complex has a decomposition temperature higher than the 
temperature of the experiment, the equilibrium of k1 and k2 lies further to the left 
resulting in a lower k1. This relates to k3 being relatively larger compared to k1 and 
so multilayer formation is greater than monolayer adsorption. 
An alternative explanation which can not be ignored is this induction period 
is caused by the presence of an autocatalytic decomposition pathway similar to that 
described by Kochi et al. (Scheme 
35)•0  The plot of the decomposition of 
methyl(triphenylphosphine)gold(I) against time shows the same long initiation 
period before rapid decomposition, as was observed for the decomposition of the 
family of alkylcopper(I) complexes to copper(0). Kochi et al. noted the process was 
initiated by the presence of metallic copper and suggested the formation of a 
dinuclear Cu(I)/Cu(0) species which decomposed further yielding copper(0), 
copper(I) hydride and the alkene of the parent alkyl complex. 
Scheme 3.5 Proposed mechanism of the autocatalytic decomposition of alkylcopper(I) 
RCu' + 	CU 	 ' 	IRCu 
I  CU  0 1 
[RCuICu0 ] 	 R(-H) + CU' + Cu'H 
RCu' + 	Cu'H 	 RH + 2Cu
0, etc 
Copper(I) hydride then reacted with a further equivalent of alkylcopper(I) via 
radical coupling producing the alkane of the parent complex and two molar 
equivalents of copper(0) which are recycled as new catalysts. Kochi et al. proved 
this mechanism by the deliberate introduction of elemental palladium, silver or 
copper to the reactions resulting in the reduction of initiation times by various 
amounts. The gold(I) complexes (5, 6, 7) can not follow this exact pathway because 
during the final step methane would be produced which was not observed during the 
84 
Chapter 3 	 Thermal Decomposition of Gold(I) Complexes 
gas chromatography decomposition experiments. One alternative pathway could be 
the direct interaction of a [RAu'Au°] species with the initial complex causing the 
formation of three stoichiometric equivalents of gold(0) per cycle and ethane as a 
coupled radical product (Scheme 3.6). 
Scheme 3.6 Proposed mechanism for the decomposition of Me-Au-PR3 type complexes 
- spectator phosphine ligands omitted to simplify mechanism 
	
MeAu' + Au° 	 [MeAuIAu0] 
MeAu' + I MeAu1  Ad 	 CH 	± 3Au0, etc 
The decomposition of 5 required 275 minutes to proceed to completion with a 
half-life of decomposition of 125 minutes. The data were processed using the first 
order rate law (equation 3.) and the rate of decomposition was calculated to be 5.87 x 
10 s-1 (Graph 3.6). The reaction was repeated for both 
methyl(trimethylphosphine)gold(I) 	 and 	 methyl[tris(-4- 
fluorophenyl)phosphine]gold(I) and the results are also shown in Graph 3.5 and 
Graph 3.6. 
85 
Chapter 3 	 Thermal Decomposition of Gold(I) Complexes 













V Me-Au-P(Ph-p-F)3 k= 0.00245 
Me-Au-PPh, 	k= 9.43E-6 
then • 5.86E-4 following 
Initiation period 





•1us•• 	U.  U U 
U. 
I 	• 
4000 	6000 8000 
V 	 ••••• 
47 Offifel  N • N 
Time (seconds) 
3.4.2 - Decomposition of Methyl[tris(-4-fluorophenyl)phosphine]gold(I) 
Methyl[tris(-4-fluorophenyl)phosphine]gold(I) was found to decompose with 
a very short initiation period and upon comparison with the adsorption kinetics 
previously reported we might suggest that k1 is still slightly slower than k3, but is 
much faster than the rate of monolayer formation observed for 
methyl(triphenylphosphine)gold(I). 	The temperature of decomposition for 
methyl[tris(-4-fluorophenyl)phosphine]gold(I) is 90 °C which is lower than that of 
methyl(triphenylphosphine)gold(I) and the temperature of the experiment. This drop 
in decomposition temperature is due to the negative inductive effect exhibited by the 
fluorine atoms leading to the phosphine being a poorer o-donor and hence a 
weakening in the gold-phosphine bond. It is hypothesised that tertiary-phosphine 
ligands are present in the clusters formed prior to gold(0) deposition and some, if not 
all of these, are released on adsorption to a surface. The rate of adsorption and hence 
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decomposition will therefore be dependent on the strength of the gold-phosphorus 
bond. 	As tris(-4-fluorophenyl)phosphine binds less strongly to gold than 
triphenyiphosphine it is unsurprising that methyl(triphenylphosphine)gold(I) was 
observed to 	decompose 	at a slower rate 	than methyl [tris(-4- 
fluorophenyl)phosphine]gold(I). The data collected can again be fitted to a straight 
line with the first order rate equation and the decomposition of methyl[tris(-4-
fluorophenyl)phosphine]gold(I) can be shown to proceed with a rate of 2.45 x 10 
s_ i, 80 times faster than methyl(trimethylphosphine)gold(I) and 4 times faster than 
methyl(triphenylphosphine)gold(I) after the initiation period (Graph 3.6). 
3.4.3 - Decomposition of Methyl(trimethylphosphine)gold(l) 
During the decomposition of methyl(trimethylphosphine)gold(I) it was 
expected that trimethylphosphine would be present as vapour in the headspace of the 
flask as it has a boiling point of 38°C. The column temperature therefore needed to 
be reduced to 40°C to separate the new signal corresponding to trimethylphosphine 
from those of ethane and propane. This temperature was determined by placing a 
small quantity of trimethylphosphine in a test-tube and sealing it with a septum. 
Aliquots of 0.03 ml were then removed from the headspace and injected in to the 
column. The column temperature was altered until there was suitable separation. 
During the experiment no trimethylphosphine was detected by the gas 
chromatography instrument which supports the proposed mechanism for the 
formation of a three coordinate gold(0) species (Scheme 3.2). Crystals formed on the 
inside surface of the reaction vessel above the point of heating and were found by X-
ray crystallography to be trimethylphosphine oxide. This is unsurprising as no 
precautions were taken to exclude oxygen from the system however this cannot be 
excluded as another reason why trimethylphosphine was not detected by the GC 
machine. As observed by the NMR experiments methyl(trimethylphosphine)gold(I) 
began decomposing immediately under the conditions of the GC experiment 
however the observed decomposition rate was not limited by the formation of a gold 
film (Graph 3.5). The half-life of the complex was found to be 509 minutes by 
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applying a hyperbolic function to the data allowing the data to then be normalised to 
the value of tm. The decomposition is a first order process because a straight line 
was produced on fitting the data to the first order rate equation and the 
decomposition rate was determined to be 3.05 x iO s 1 (Graph 3.6). The 
decomposition of methyl(trimethylphosphine)gold(I) shows no initiation period, as 
observed for the other two complexes, it is therefore proposed that the rate of 
multilayer formation k3 is now slower than monolayer adsorption. This can be 
rationalised since trimethylphosphine is a much better a-donor than either of the 
arylphosphines examined and is therefore able to bind more strongly to gold(I). As 
some of the complex decomposes this leads to free phosphine being present in 
solution resulting in the gold clusters formed being greatly stabilised by the excess 
phosphine. This is the case for the decomposition of 5 however to a lesser degree. It 
can be suggested that monolayer adsorption is faster than multilayer formation 
because at the beginning of the experiment relatively low concentrations of free 
trimethylphosphine will be observed and so the reaction mixture will be less stable 
than later when the concentration of trimethylphosphine is higher. 
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3.4.4 - Effect of treating the surface with the adhesion promoter 3-
mercaptopropyltriethoxysilane (MPTES) 
The gas chromatography and 'H NMR experiments showed that the condition 
of the surface of the reaction flask was of vital importance for consistent results and 
rate of decomposition. To test this theory it was proposed that the rate of 
decomposition would be increased on binding the adhesion promoter MPTES to the 
surface of the reaction flask. The adhesion promoter binds to the surface in a similar 
manor to dimethyldichiorosilane through surface oxide bridges (Scheme 3.7). The 
covalent bonds formed between the thiol arms and the gold particles will be stronger 
than the gold-oxygen bonds formed on a non-treated surface. 
Scheme 3.7 Binding mode of MPTES to a glass surface 
MPTES/ 




Si 	 Si 
000 000 
I 	II 	1 	II 
To coat the surface of the round-bottomed flasks with MPTES they were 
washed with "piranha solution" for one hour, rinsed and then treated with a solution 
of MPTES in isopropanol (2 ml in 25 ml) for 1 day. The flasks were rinsed with 
isopropanol and water then annealed at 110°C for 10 minutes. After treatment the 
flasks were stored under N2 until use to prevent the thiol groups reacting forming 
disulfide units which can not bind gold(0).1 ' Methyl(trimethylphosphine)gold(I) and 
methyl(triphenylphosphine)gold(I) were used to observe any effects on the rate of 
decomposition upon binding MPTES to the surface. It was found that using MPTES 
treated 	flasks 	the 	rate 	of 	decomposition 	for 	methyl [tris(-4- 
fluorophenyl)phosphine]gold(I) was too fast making it impossible to repeat the 
experiment for this complex and get accurate results. 
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3.4.4.1 Decomposition of Methyl(triphenylphosphine)gold(I) in an MPTES Treated 
Flask 
On repeating the decomposition of methyl(triphenylphosphine)gold(I), at 100 
°C, using a flask which had been pre-treated with MPTES a slight increase in the 
post initiation rate from 5.87 x 10 	to 6.81 x 10" s 1 was observed however the 
major change was the decrease in the initiation period from 90-100 minutes to 8-15 
minutes (Graph 3.7). Previously (section 3.4.1) this initiation period was attributed 
to the slow formation of a gold nanoparticle monolayer. It is now proposed that 
MPTES surface treatment increases the rate of monolayer formation because of 
stronger gold to surface thiol covalent bonds and so reduces the initiation time. 
Graph 3.7 Comparison of the observed decomposition rates of IAu(PPh3)MeJ (5) in 
MPTES treated and non-treated flasks from decalin (10 ml) at 100 °C. 
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3.4.4.2 Decomposition of Methyl(trimethylphosphine)gold(I) in an MPTES Treated 
Flask 
Methyl(trimethylphosphine)gold(I) showed a vast increase in the observed 
rate of decomposition with the reaction proceeding to completion in a much shorter 
time scale when MPTES treated flasks were used (Graph 3.8). The data were again 
normalised by the fitting of a hyperbolic function and processed with the first order 
rate equation. The rate was found to have increased 25-fold from 3.05 x iO 
S-1  to 
4.28 x 10-4 	with a new half-life of 34.7 minutes. It is postulated the increase in the 
observed rate is again due to the higher affinity that gold shows for sulfur compared 
to oxygen. 
Graph 3.8 Comparison of the observed decomposition rates of [Au(PMe3)MeJ (7) in 
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3.5 Comparison of Decomposition Rates - 1H NMR Vs Gas 
Chromatography 
3.5.1 Methyl(triphenylphosphine)gold(I) 
Methyl(triphenylphosphine)gold(I) was observed to decompose at the rate of 
5.70 x iO s during the NMR experiments, however at a much faster rate (5.86 x 
104 s') via GC after a long initiation period (Graph 3.9). It is hypothesised that the 
species formed during this initiation period must have relatively high thermal 
stability, under the conditions of the GC experiment, as very little ethane is produced 
hence virtually all the methyl ligands must be retained in the new species. It must 
have a different molecular structure as the 'H NMR signal corresponding to 5 
decreases with no initiation as the concentration of the original complex decreases. 
Graph 3.9 Decomposition of Me-Au-PPh3 - comparison of 'H NMR against GC rates 
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The 31P NMR experiment showed a decrease in the signal corresponding to the 
complex and so it can be suggested that during the course of the experiment gold 
phosphorus bonds are being broken prior to the gold methyl bonds. This mechanism 
is supported by the work reported by Tamaki et al. showing that the complex 
decomposes via the rate determining loss of phosphine followed by a methyl 
coupling reaction.1 
3.5.2 Methyl(trimethylphosphine)gold(l) 
The 'H NMR data corresponding to the decomposition of 
methyl(trimethylphosphine)gold(I) was compared with that obtained using the gas 
chromatography experimental technique (Graph 3.10). It can be seen that the 
observed rate of decomposition for this complex is the same for both techniques 
initially (Table 3.2) however the NMR experiment shows apparent rapid 
decomposition after 70 minutes while the GC experiment shows a continuous, slow 
decomposition. It is clear this rapid decomposition is not the actual rate and can be 
attributed to the production of a gold(0) film on the inside of the NMR tube leading 
to masking of the resonance signal. It is hypothesised that the data obtained from the 
GC experiment shows the actual rate of decomposition of 
methyl(trimethylphosphine)gold(I) to be 3.05 x 10 s 1 . 
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Graph 3.10 Comparison of the observed decomposition rates of [Au(PMe3)Me] (7) 
measured by H NMIR (0.07 g in 0.6 ml toluene-d8 at 100 °C) 
and GC (0.2 g in 10 ml decalin at 100 °C) 
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3.5.3 Methyl[tris(-4-fluorophenyl)phosphine]goId(I) 
The 1H NMR experiment can not be directly compared to the GC experiment 
as the two experiments were carried out at different temperatures (70 and 100 °C 
respectively) however both techniques show a very rapid decomposition following a 
small initiation period. 
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3.6 Experimental - Kinetics of Gold Complexes 
The synthesis of each gold(I) complex studied in this report is reported 
in Chapter 2. 
3.6.1 1H NMR Experiments 
All nuclear magnetic resonance spectra were recorded on Bruker AC360 
spectrometer from a solution in toluene-d8 and referenced to TMS. The temperature 
was calibrated to 70 °C for 7 and 100 °C for 5 and 6 using an ethylene glycol 
standard. 0.07 g of complex was dissolved in toluene-d8 and a 'H NMR spectrum 
was recorded every 7 minutes and the integral of the MeAu signal was plotted w.r.t. 
time. 
3.6.2 "Piranha" Treatment of Round Bottomed Flasks 
A Piranha solution was prepared by adding hydrogen peroxide (25 ml) to 
concentrated sulfuric acid (75 ml; 98 %) dropwise with cooling to keep the 
temperature below 50°C. This solution was then added to a round-bottomed flask 
and left for 2 hours. The solution was removed and the flask washed with HPLC 
grade water (3 x 30 ml) and HPLC grade isopropanol (2 x 30 ml). The isopropanol 
was poured out and a septum used to seal the flask to prevent and contamination of 
the "piranha" treated flask before use. 
3.6.3 Treatment of Round-Bottomed Flasks with 3-mercapto-
propyltriethoxysilane (MPTES) 
The round-bottomed flasks were prepared for the MPTES treatment by pre- 
treatment with a "piranha" solution (section 3.6.2). A solution of MPTES (6 ml; 
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31.75 mmol) in isopropanol (75 ml) was then added to the round-bottomed flask 
which was then stoppered and left for one day. The MPTES solution was next 
removed and the flask washed with isopropanol (2 x 30 ml) before annealing the 
MPTES film in an oven (110°C; 10 minutes). The flasks were then stored in an inert 
atmosphere until use. 
3.6.4 Decomposition of Gold Complexes and Analysis by GC 
Decalin (10 ml) was added to a 100 ml round-bottomed flask and stirrer bar 
that had been treated by one or both of the methods described above and this was 
placed in a preheated oil bath (100°C) for 10 minutes. The gold complex being 
tested was added to this heated decalin and the system quickly stoppered with a 
septum. A propane standard (0.5 ml) was then injected in to the head space of the 
flask and the head space mixed by pumping a 5 ml gas tight syringe barrel. Aliquots 
(20 p.1) were removed from the head space of the flask at two minute intervals and 
analysed by gas chromatography for ethane and propane. All experimental 
conditions are shown in Table 3.1. 
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Table 3.1 Experimental conditions of gas chromatography experiments 
Gas chromatography instrument parameters 
Injector Temperature 200 °C 
Detector Temperature 200 °C 
Column Temperature 70 °C (40 °C for Me-Au-PMe3) 
Hydrogen gas pressure 18 lbf / in  
Air pressure 18 lbf / in2 
Nitrogen (carrier gas) 
pressure 
10 lbf/ in  
Retention times of detected gases 
Ethane 0.16 mm 
Propane 0.38 mm 
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37 Conclusions 
Decomposition studies carried out on the complexes of the type MeAuPR3  
(5,6, 7) have shown they decompose to give gold(0), ethane and tertiaryphosphine. 
Methyl [tris(-4-fluorophenyl)phosphine ] gold(I) was the complex that was seen to 
decompose at the fastest rate followed by methyl(triphenylphosphine)gold(I) and 
finally methyl(trimethylphosphine)gold(I) was the slowest (Table 3.2). The two 
techniques give very similar values for the initial rates of decomposition. The 'H 
NMR experiment, which shows a decrease in the concentration of original complex, 
is not reliable once a gold film begins to form. The gold(0) film that coats the inside 
of the NMR tube causes the apparent rate to increase giving false data. The GC 
experiment is not affected by the gold film produced and is more reliable in 
determining rates however it is the production of ethane and not decomposition of 
the complex that is being observed. 
Table 3.2 Decomposition rates for the complexes 5, 6, 7. The data for complexes 5 and 
7 were obtained at 100 °C. The 1H NMR experiments for 6 were carried out at 70 °C 
and the GC experiment for 6 was carried out at 100 °C. 










PMe3  3.06 x 10 - 3.05 x 10 4.2824 x 10 
PPh3  5.70x105 - 5.86x104  6.8171x104  
P(C6114-p-F)3  8.97 x 10 3.52 x 10 2.45 x 10 - 
The experimental data above makes it apparent that the mechanism by which 
these gold(I) complexes decompose is more complicated than first envisaged. The 
decomposition of such complexes can follow many pathways (Scheme 3.8) and it has 
been shown that surface as well as tertiaryphosphine properties can greatly 
influence the rate of decomposition. 
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Scheme 3.8 Proposed mechanism for decomposition of MeAuPR3 type complexes 
	
Me_Au(L 	-L 	Me—Au--L 	- { Me—Au] 	 .- Au(0) + C2H6 
L' V + 
L 
L = V = PR3 
Pre-treatment of the glass substrate with the adhesion promoter MPTES 
increased the rate while dimethyldichiorosilane, an adhesion inhibitor, reduced the 
rate of decomposition by a factor of two. It is proposed the change in rate is due to 
the strength of binding between gold particles formed ([Me-Au] ) during the 
decomposition process and the substrate surface. Stronger binding results in faster 
decomposition while weaker binding slows the rate of decomposition. 
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4.1 Introduction 
A number of tertiary-phosphine stabilised copper(I) aryloxide or alkoxide 
complexes with the general molecular formula {{(RO)CU(PR3)m}n] (m = 1,2; n = 
1,2,4) (R = aryl or alkyl and R = Ph, Me, OMe) were synthesised (Figure 4.1). 
Copper(I) methoxide and silver(I) methoxide decompose explosively at room 
temperature to give metal, formaldehyde and hydrogen. On this basis, it was 
anticipated that one or more of these complexes would undergo decomposition via a 
thermal process to give copper metal. These complexes were to be studied to give a 
cheap alternative to the gold(I) complexes discussed in Chapters 2 and 3. 
Figure 4.1 General form of phosphine stabilised copper alkoxide and aryloxide 
complexes 








The aryloxide or alkoxide ligands showed the ability to bind to copper(1) via 
three possible bonding modes (terminal, .t2 and p.3) leading to complexes of varying 
nuclearities, with either one, two or four copper ions present (i.e. monomer, dimer 
etc.). In three such dimers it has previously been noted that each of the copper(I) 
centres could independently be three or four coordinate depending on the 
stoichiometric amount of phosphine present during the reaction and so it was 
therefore expected that a large number of different structural motifs would be 
possible. 1,2,3  One example of each of the six structural types synthesised during this 
project or previously reported is shown in Table 4.1. The complexes previously 
reported in the literature are referenced at the relevant point within this Chapter. 
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Table 4.1 The six structural motifs observed and information on connectivity 
for copper(l) aryloxide and alkoxide complexes 
Nuclearity Alkoxide binding Alkoxide : Phosphine Example structure 
mode ratio 
* 'Pr Pr 













Ph3PI/,,   
2 & Cu 	Cu—PPh3 Ph3P' '  
1:2 Ph 
Ph 
Ph3PI,,,  	 PPh3 
2* .L2 1 2C  Cu 




4' 1 : 1 (MeO)3PV17Ci/0IPh 
0—Cu 
(0Me)3 
Synthesised at the University of Edinburgh. 
K. Osakada, T. Takizawa, M Tanaka, T. Yamamoto, J. Organomet. Chem., 473, (1994), 
359. 
C.Lopes, M.Hakansson, S.Jagner, Inorg.Chim. Acta, 254, (1997), 361. 
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4.1.1 Modes of Decomposition 
It has been observed previously4'5'6'7  that copper(I) alkoxide complexes 
decompose by one of two mechanisms depending on the substitution around the 
fl-carbon atom. When the 3-carbon atom has a hydrogen atom attatched (i.e. a 
primary or secondary alcohol has been used in the synthesis of the alkoxide) the 
complex decomposes via the fl-hydride elimination mechanism (Scheme 4.1). This 
involves the elimination of copper(I) hydride from one copper(I) alkoxide moiety. 
The copper hydride species produced then decomposes via one of two pathways. 
Rapid homolytic bond cleavage would produce copper(0) and a hydrogen atom in a 
unimolecular process while the bimolecular reaction with a second molecule of 
copper alkoxide forms two equivalents of copper(0) metal and one molar equivalent 
of alcohol (Scheme ic). 




Cu-H + OC 






The rate determining step (R.D.S) of the decomposition process is the 
relatively slow cleavage of the copper-oxygen bond. As the decomposition is 
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thermally driven it can be assumed that the energy of this step determines the 
temperature of decomposition for these complexes. 
Tertiary alkoxide and aryloxide copper(I) complexes do not have a hydrogen 
atom attached to the fl-carbon so these complexes cannot decompose via fl-hydride 
elimination but rather by a homolytic bond cleavage mechanism (Scheme 4.2). 
Scheme 4.2 Decomposition of copper(I) alkoxides via the homolytic bond 
cleavage mechanism 
R1  








Firstly the copper-oxygen bond homolytically cleaves forming copper(0) and an 
alkoxide or phenoxide radical. It is proposed that two phenoxide radical molecules 
will then couple to produce a peroxide species via a similar route to that reported by 
Brummer et al. (Scheme 4.2).8 
For both the fl-hydride elimination and homolytic bond cleavage mechanisms 
the theoretical efficiency of metallic copper production from the precursor would be 
100%, i.e. all the copper present in the precursor is deposited as copper metal. 
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4.1.2 Trends in Temperature of Decomposition. 
The cleavage of the Cu-0 bond is the rate determining step in the production 
of copper(0) for all the copper(I) complexes being studied. It was therefore proposed 
that by weakening this bond, a copper(I) complex with a lower thermal stability 
would be formed. The stability of these complexes would then be "tuneable" by the 
modification of steric or electronic properties of the phosphine and aryloxide or 
alkoxide ligands. 
4.1.2.1 Steric Factors 
Kubota et al. noted that in a series of tertiary-phosphine stabilised 
methylcopper complexes the rate of decomposition to copper(0) was greatly 
influenced by the copper(I) tertiary-phosphine ratio.9 The series showed that by 
decreasing the Cu:P ratio a complex would have increased thermal stability relative 
to the parent complex, thus illustrating a stabilising effect of phosphine ligands. It 
was predicted that the same trend would be observed for copper(I) alkoxide 
complexes and so by increasing the overall steric bulk of the alkoxide or the tertiary-
phosphine ligands a less stable complex would be formed. 
In order for the n-hydride elimination process to occur a vacant coordination 
site is required to accommodate the incoming hydride on the metal centre (Scheme 
4.1a). Therefore the steric unsaturation on the copper centre should favour this 
mechanism. Furthermore, electronic unsaturation should also help as a vacant Cu 
orbital is also needed to accept the hydride. 
The homolytic cleavage process reduces the electron density and steric 
saturation of the copper centre. It can be anticipated by increasing the electron 
density and steric saturation on the copper(I) centre, by decreasing the Cu:PR3 ratio, 
this could favour the homolytic cleavage of the Cu-0 bond. 
A large amount of work has been carried out on quantifying the steric effects 
of tertiary phosphines as shown in Chapter 1. 	Triphenylphosphine and 
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trimethyiphosphine were used in the synthesis of the copper(I) complexes (16-23) as 
phosphines with very different steric requirements. 
Significantly, more copper(I) aryloxide complexes were synthesised than 
copper(I) alkoxide complexes due to the ease in synthesising suitable starting 
materials. Phenol was used as the least sterically hindered aryloxide system and 2,6-
diisopropylphenol used as a more bulky alternative. Benzhydrol (Ph2CHOH) was 
the only alkoxide to be studied, however this ligand is relatively bulky and so would 
be expected to produce a complex with a high Cu:P ratio. 
4.1.2.2 Electronic Factors. 
It has been proposed that the stability of the copper(I) aryloxide and alkoxide 
complexes will be influenced by the strength of the copper-oxygen bond and so any 
electronic effects that weaken this bond will result in destabilisation of the complex. 
This weakening effect can be introduced by altering either of the ligand types (R0, 
PR3). 
It is speculated that addition of electron withdrawing groups to the aryloxide / 
tertiary alkoxide ligand is likely to cause migration of electron density from the Cu-0 
bond promoting homolytic bond cleavage. (Figure 4.2). The alkoxide / aryloxide 
radical species formed (Scheme 4.2) will be stabilised as the unpaired electron will 
by partially delocalised from the oxygen atom by the negative inductive effect 
produced from the electron withdrawing groups. 
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Figure 4.2 Schematic showing electronic effect of adding electron withdrawing 
groups to the phosphine and phenoxide ligands 
m(R3P) \C 
A measure of the amount of delocalisation available is provided by the pKa of 
the alcohol! phenol. Those with lower pKa values should produce less thermally 
stable complexes. Phenol and 2,6-diisopropylphenol have pKa values of 9.99 and 
11.10 respectively and so in order that a more acidic, and hopefully less thermally 
stable, system could be examined pentafluorophenol (pKa = 5.53) was the final 
aryloxide ligand to be used in the synthesis of copper(I) aryloxide complexes. 10 
For primary and secondary alkoxide systems it is the strength of the fi-
carbon-hydrogen bond that affects thermal stability. Increasing the electron donating 
power of the alkyl groups of the alkoxide leads to the electron density in the carbon-
hydrogen bond increasing. This enables the hydrogen to be a better hydride (if) 
donor and so aids in the formation of the new copper hydride species. If the 0-
hydride elimination process is considered as a two-step concerted process the 
electron donating alkyl groups will stabilise the carbocation before the copper 
hydride species undergoes further decomposition as mentioned previously (Scheme 
4.3). 
Benzhydrol resonance stabilises the carbocation by delocallising the positive 
charge into the two phenyl rings. 
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Scheme 4.3 Mechanism showing partial charges present during n-hydride 
elimination 
- 
H7-1<I , 	 - - - 	R' 
Cu—O 	 Cii --- o 
R 	R' 
Products - 	I + Y 
Cu
0  
The use of electronic effects to destabilise the complexes is however not only 
limited to the alkoxide and aryloxide ligands, the tertiary-phosphine ligands can also 
have a great affect by modifying the electron density on the copper centre (Figure 
4.2). Tertiary-phosphines are strong a-donor and weak it-acceptor ligands. If 
electron-withdrawing groups are placed on the phosphine, the a-bond between the 
phosphorus and copper is weakened, however the -it back-bond will increase in 
strength and the overall donor strength is therefore less. As the strength of this a-
bond will be dominant over the it-bond, with respect to stabilising the copper(I) 
alkoxide complex, its weakening should result in a less thermally stable complex 
being formed. It is for this reason trimethylphosphite was used in the synthesis of 
copper(I) aryloxide complexes as it is a poor a-donor and good it-acceptor. 
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4.2 Synthesis of Tertiary-phosphine Stabilised Copper(I) Aryl/ 
alkoxides 
Lithium precursors have been used in the past in the synthesis of copper(I) 
aryloxide and alkoxide complexes, however it has also been noted that lithium can be 
incorporated within copper(I) complexes resulting in the formation of heterometallic 
systems. One specific example is the attempted synthesis of a phenylcuprate 
complex, [Cu4Ph4(SMe2)2], by reacting cuprous bromide and phenyl lithium in 
dimethylsulfide.11 Five different products of varying Cu:Li ratios were obtained 
depending on the initial reagent ratios (Table 4.2). In order to overcome this 
potential problem in the synthesis of our aryloxide complexes by ensuring complete 
metathesis, and preventing formation of heterometallic complexes, the thallium(I) 
aryloxide complexes were treated with the (tertiaryphosphine)copper(I) halide 
complex in the presence of a second stoichiometric equivalent of tertiaryphosphine. 
This route produces a homometallic copper(I) aryloxide complex and a very 
insoluble thallium(I) halide. 
Table 4.2 Dimethylsulfide solvates of phenyllithium, phenylcopper and lower 
and higher order lithium phenylcuprate complexes synthesised by 
Power et aL11  
Lithium Phenylcuprate complexes Cu:Li ratio in reagents 
Cu4Ph4(SMe2)2 1:1 
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4.2.1 Thallium Starting Materials 
Thallium metal and its complexes are extremely toxic and because of this 
must be handled with care. 12,13 
Thallium(I) ethoxide was used as the starting material for all the thallium 
complexes synthesised (9-11). It was added dropwise to a stirring solution of the 
alcohol to produce the desired thallium(I) aryloxide complex and ethanol (Scheme 
4.4). The alcohols need to be chosen carefully as this proton exchange reaction 
would only proceed to >99 % completion if the pKa of the alcohol being added is 2 
units or more lower than that of ethanol (pKa = 15.9010). All the phenols mentioned 
in Section 4.1 fall in to this category. Primary and secondary organic alcohols all 
have pKa values similar to ethanol and so the copper(I) alkoxide complexes were 
synthesised using mesitylcopper(I) (Section 4.2.2.2). 
Scheme 4.4 General proton exchange reaction used in the synthesis of all 
thallium(l) aryloxide complexes 
TI-0 	H—O______________ TI—O 
\ + 	\ 	 \ + Ethanol 
R R 
4.2.1.1 Synthesis of Thallium(l) Phenoxide (9) 
The synthesis of thallium(I) phenoxide was undertaken in order to provide a 
useful starting material of the simplest aryloxide system. 
Reaction of thallium ethoxide with phenol produced 9 in a 93 % yield. It was 
not possible to characterise the product by NMR or mass spectrometry because of its 
insolubility in all solvents, suggesting the product is highly polymerised, but 
chemical analysis indicated the product to be of adequate purity. 
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4.2.1.2 Thallium(I) 2,64isopropylphenoxide (10) 
2,6-diisopropylphenol was used instead of phenol (as in 9) because it was 
proposed the coordination number of the copper ions would be reduced due to the 
introduction of the sterically bulky isopropyl groups. 
In an analogous synthesis to that of 9, thallium(I) ethoxide was added to a 
THF solution of di-isopropyiphenol and 10 was isolated in 85 % yield. The mass 
spectrum of the sample could be recorded as the diisopropyl groups increased the 
solubility of the product, however it was still not possible to record a 1H NMR 
spectrum. Product purity was determined by chemical analysis. 
4.2.1.3 Thallium(I) Pentafluorophenoxide (11) 
Thallium(I) pentafluorophenoxide was synthesised via a similar route to that 
of the thallium(I) aryloxide complexes reported previously (9, 10). The solvent for 
the reaction was changed from THF to n-hexane because the fluorine atoms greatly 
increased the solubility of the product in non-polar solvents. 	Thallium 
pentafluorophenoxide was synthesised so that the influence of adding strongly 
electron withdrawing groups to the phenolate ligand could be examined. Purity was 
determined by '9F NMR, MS and chemical analysis. 
The 19F NMR spectrum shows three signals for the fluorine atoms at -160 
(m), - 166 (m) and -178 ppm (m) as expected while satisfactory elemental analyses 
were obtained. The FAB mass spectrum shows the addition of sequential [Tl(OPhF)] 
units to the mass of TI (mlz = 205). As mlz increases the peak intensity decreases. 
With a view to determining the 3D structure of this compound, crystals 
suitable for X-ray diffraction studies were obtained. The insolubility of 9 and 10 and 
nature of the FAB mass spec (11) suggested a polymeric solid structure. The 
structure was solved and refined by Mr Andrew Parkin (Figure 4.3). 
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Figure 4.3 Crystal structure of (Tl(OPhF)]fl (11) projected to show a portion of 
the 2D polymer chain 
The phenolic oxygens are bound .. to the thallium centres to build up a 
classical stair polymer array. The dihedral angle between pairs of rhombi is 101.8 O 
the 	Tl(1F) ... 0(1CC).. .C(1CC) 	angle 	is 	63.10 	and 	the 
Tl(1F) ... 0(1CC).. .C1CC). . .C(2CC) dihedral angle is 38.2 O• 
The molecular structure obtained is somewhat similar to that of thallium(I) 2-
nitrophenoxide [Tl(2-np)] reported by Harrow-field et. al, 
14 however here the 
phenolic oxygens bind L2-  between thallium centres forming Tl(p.-OR)2T1 units 
(Figure 4.4). The thallium coordination number is made up by the location of the 
nearest oxygen atoms of the nitro groups as bridges between successive thallium 
atoms on either side of the polymer. It is proposed that the bonding between the 
monomeric units in Figure 4.4 would be very weak and break upon dissolving in 
solution. 
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Figure 4.4 Crystal structure of [Tl(2-np)], CSD reference code JIQGIZ, as 
prepared by Harrowfield et al.14 TI-O(nitro) interactions shown 
as dotted lines to allow the Tl(j.i-O)2T1 dimeric units to be 
seen more easily 
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4.2.2 Copper Starting Materials 
Two types of copper(I) precursors were synthesised for the preparation of 
copper(I) aryloxide and alkoxide complexes. It was possible to prepare the 
thallium(I) aryloxide complexes for all the phenolic systems examined and so these 
were reacted with halo(tertiaryphosphine)copper(I) complexes to give the desired 
tertiary-phosphine stabilised copper(I) aryloxide complex. As it was not possible to 
isolate the thallium(I) benzhydroxide complex [T1(OCHPh2)], mesityl copper 
[Cu(C9H1  ')] (15) was synthesised as an alternative copper(I) precursor to allow the 
synthesis of a copper(I) benzhydroxide complex {Cu(OCH(Ph)2)(PPh3)]2 (21). The 
structure of 15 was solved and refined by Mr Andrew Parkin. 
4.2.2.1 Halo(tertiaryphosphine)copper(l) 
The tetrameric (tertiaryphosphine)copper(I) halide starting materials, 
[Cu(PPh3)Cl]4 (12), [Cu(PMe3)C1]4 (13) and [CuP(OMe)31]4 (14), were all 
synthesised via the method shown in Scheme 4.5 and discussed in detail in Section 
4.4. 
Scheme 4.5 Synthesis of complexes with the general form [Cu(PR3)XI 
X PR3 Solvent 
Cl PPh3 Ethanol 
Cl PMe3 Benzene 
I P(OMe)3 Benzene 
CuX + PR3 	 [Cu(PR3)XI 
The tertiary-phosphine was added in one portion to a stirring solution of 
copper(I) halide at room temperature. The reaction then proceeded as described in 
Section 4.4 with the desired products being isolated in high yield and purity. 
Complexes 12 and 13 were synthesised as chloro derivatives whereas 14 was 
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synthesised as the iodo derivative because the chloro complex could not be isolated 
in sufficient purity. 
To gain information about the solid state structure of these complexes crystals 
of 13 and 14 were analysed by X-ray crystallography. The solid state structure of 12 
had already been determined and reported by Churchill et al.' 5 
Figure 4.5 Molecular structures of complexes 12, 13 and 14 respectively. 
Hydrogens omitted for clarity 
12 	 13 	 14 
The structure of the Cu4CL4P4 core of complex 13 is analogous to the reported 
structures of [Cu(PPh3)Cl]4,15 and [Cu(PEt3)Cl]4.16 The Cu-Cl bond lengths vary 
from 2.335 - 2.491 A and the Cu-P bonds vary from 2.169 - 2.173 A. Interatomic 
distances between copper atoms fall in the range 3.228 - 3.357 A while Cl.. .Cl 
distances are longer at 3.585 - 3.719 A. The variation and magnitude of all these 
interatomic distances are comparable to the previously published structures. 
15,16 
Replacement of chlorine atoms in [Cu(PEt3)Cl]4 with bromine'6 or iodine 
17 
has been shown to result in an increased distortion of the cubic Cu4X4 core because 
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of the steric requirements of the larger halides. This effect is also observed in 
comparing the crystal structure of 13 and 14. The Cu.. .Cu (2.845 - 3.158 A) and I ... 1 
(4.225 - 4.446 A) interatomic distances and Cu-I bond lengths (2.641 - 2.750 A) 
observed in 14 are longer than the Cu-Cl distances in 13 as expected because of the 
increased covalent radius of the iodine atoms. The X-ray structure of 14 is however 
very similar to that reported by Churchill et al. for [Cu(PEt3)I]4.17 
4.2.2.2 Mesitylcopper(I) (15) 
Due to the difficulty in synthesising thallium(I) benzhydroxide, which could 
be used to synthesise copper(I) benzhydroxide complexes, mesitylcopper(I) was used 
as an alternative precursor in the synthesis of copper(I) aryl/ alkoxides. This was 
synthesised by adapting the method of Floriani et al. as detailed in the Experimental 
Section 4.4 which provided an improved yield of 93 
%•18  The 'H and '3C NMR 
spectra confirmed that 15 had been successfully prepared and the FAB mass 
spectrum showed the sequential loss of C9H,1 (mesityl) and copper from the parent 
mass ion. 
Crystals suitable for X-ray diffraction studies were obtained in the 
purification step of this complex and crystallographic analysis was undertaken. The 
connectivity of the atoms was found to be similar to that reported by Floriani et al. 
however atom location was resolved to a much higher degree of accuracy with a final 
refinement of R = 0.0356 (c.f R = 0.10). The structure of mesityl copper can be seen 
to consist of five copper(I) ions p.2-bridged by five mesityl groups (Figure 4.6). The 
ring is puckered, with a total puckering amplitude 19  of 1.47 A and has a pseudo-
mirror plane containing the Cu(2) .... C(41) vector. The Cu-C (1.973 - 1.998 A) and 
Cu. ..Cu (2.418 - 2.491 A) distances, and the Cu-C-Cu (143.6 - 159.8 0)  and C-Cu-C 
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Figure 4.6 The molecular structure of (Cu(Mes)]5 (15). Hydrogens have been 
omitted for clarity 
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4.2.3 Synthesis of Copper(l) Aryloxide and Alkoxide Complexes 
These were synthesised via a metathesis mechanism upon the addition of 
thallium aryloxide to a solution of the (tertiary-phosphine)copper(I) halide complex 
in the presence of a further stoichiometric equivalent of phosphine (Scheme 4.6). 
Scheme 4.6 General thallium metathesis reaction to synthesise tertiary- 
phosphine stabilised copper(l) aryloxide complexes 
r (OAr) 1 
/0—TI 	CU 	PR3 	 I 
Ar 
VwR 
R R 	 L\R R,Ij 
Ar = Ph, C6H4(Pr)2, PhF 
R = Ph, Me, OMe 
+ TIX 	X Cl, I 
n= 1,2,4 
n'= 1, 2A 
= 1,2,4 
A solution/ suspension of thallium complex in THF was added to a stirring 
solution of the (tertiary-phosphine)copper(I) halide complex and a second equivalent 
of the tertiary phosphine in THE The reaction mixture was stirred for at least 30 
minutes before being filtered to remove the thallium(I) halide by-product. This 
produced all the tertiary-phosphine stabilised copper complexes (16 - 20, 22 and 23) 
discussed in this Chapter in high yield with the reaction reaching completion within 
one hour. The resulting solids were characterised spectroscopically. 
The dimer [benzhydroxy(triphenylphosphine)copper(I)] (21) was the only 
complex to be synthesised using mesityl copper (15) as a starting material. A toluene 
solution of 15 was added to a mixture of benzhydrol (Ph2CHOH) and 
triphenylphosphine in toluene at 0 °C (in the ratios described in Section 4.4). This 
resulted in the formation of 21 in a 72 % isolated yield. 
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Scheme 4.7 Route used to synthesise bis(benzhydroxy(triphenylphosphine) 
copper(I)) (21) 











Crystals suitable for X-ray diffraction studies were grown for all the copper(I) 
complexes (16 - 23) and crystallographic analysis conducted in order to provide 
structural information about complexes of this type. The molecular structures, which 
were solved and refined by Mr Andrew Parkin (16, 18, 19, 20, 21, 22 and 23) and Dr 
Bob Coxall (17), are discussed and compared to those in the literature in the 
following Sections. 
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42.3.1 Tetrameric (tertiary-phosphine) Copper(l) Phenoxide Cubanes. 
[Phenoxy(trimethylphosphite)copper(1)]4 (16) 
{Cu4(p.3-OPh)4{P(OMe)3}4] (16) was synthesised as previously shown (Scheme 4.6) 
and crystals of X-ray quality were obtained by the layering of a toluene solution with 
n-hexane. 
It can be seen that 16 forms a Cu404 cubane core with one terminal 
trimethyiphosphite ligand bound to each copper(I) centre (Figure 4.7). Although 
there are obvious similarities between the bonding here and in 12, 13 and 14, no 
direct comparisons can be made due to the significant differences in the ligands 
involved. 
Figure 4.7 Molecular structure of 16, hydrogen atoms and all but one phenyl 





C(31) 	k) 0-  P(3) kj)O(3B) 
5) 
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One reported complex which exhibits the Cu404 core with copper(I) is that of 
{Cu4(OPh)4(PPh3)4] (C.S.D. reference code RUNRAT) which was synthesised by 
Jagner et al. (Figure 4.8).2  This complex, which was prepared by the dropwise 
addition of a toluene solution of triphenyiphosphine to copper(I) phenoxide in 
toluene, is directly comparable to 16. Both complexes have 13-phenoxo ligands and 
a single tertiary-phosphine bound to each copper(I). 
Figure 4.8 Molecular Structure of (Cu4(0Ph)4(PPh3)4], CSD reference code 
"RUNRAT", with hydrogen atoms and phosphine phenyl 
rings removed for clarity 
	







7 00 	 C09) 
ioirj 	.LC,L 
From the data in Table 4.3 it can be seen that 16 and RUNRAT are 
geometrically very similar from the Cu.. .Cu and 0.. .0 interatomic distances. It can 
also be noted that changing triphenyiphosphine to the less bulky trimethyiphosphite 
results in a decrease in observed Cu-P distances. It can be assumed this is caused by 
trimethyiphosphite having a smaller cone angle and so is less sterically demanding 
than triphenylphosphine. Although trimethyiphosphite is a weaker a-donor it is a 
stronger it-acceptor than triphenyiphosphine and it has been noted that this can result 
in a shortening of metal-phosphorus bonds. Grim et al. reported the crystal 
structures of [R3PCr(CO)5} (R = Ph, OPh) and showed that in changing 
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triphenyiphosphine for triphenyiphosphite the Cr-P bond length decreased from 
2.422 A to 2.309 A.20'21 In these complexes the Cr-C(S)  bond length increased and 
the C-O() also decreased as a result of changing the phosphine. The chromium 
centre in [(PhO)3PCr(CO)5] is less electron rich than in [Ph3PCr(CO)5] because 
triphenylphosphite is a stronger t-acceptor than triphenyiphosphine. The shortening 
of the C-O(t)  bond is therefore expected because less electron density will be 
donated from the chromium centre to the 7c*orbitals  of the trans CO ligand and 
hence a stronger C-O bond will be observed. Trimethyiphosphite is a stronger it-
acceptor than triphenylphosphine and so the Cu-0 bond lengths of 16 are shorter 
than in RUNRAT because the copper centres are less electron rich and the 
phenoxide ligands bind more strongly. It is interesting to compare these two 
structures because, while changing the phosphine ligand has very little geometric 
effect, interesting secondary interactions occur. 






Bond/ interatomic distances (A) 
Cu-0 2.050(5) - 2.182(5) 2.053(2) - 2.260(2) 
Cu-P 2.107(2)- 2.112(2) 2.130(8)-2.152(7) 
0-C 1.344(9) - 1.354(9) 1.312(2) - 1.343(2) 
Cu ... Cu 3.051-3.202 3.125-3.261 
2.793 - 2.911 2.788 - 2.921 
123 
Chapter 4 	Tertiary-phosphine Stabilised Copper(I) Aryloxides/ alkoxides 
Two complexes which have been structurally characterised and possess similar 
Cu404 cores are o-allylphenoxocopper(I)22 and the carbonylation product of 
copper(I) tertiary-butoxide, [Cu4(OBu')4(CO)4].23 	The structure of o- 
allylphenoxocopper(I) is not comparable to that of 16 because the double bond of the 
allyl group is coordinated to the copper(I). Complex 16 is not directly comparable to 
[Cu4(OBu')4(CO)4J because it is an alkoxide system whereas 16 is an aryloxide one. 
The Cu-0 bond lengths in [Cu4(OBu)4(CO)4], which lie in the range 2.059-2.071, 
are slightly shorter than in 16 and it is proposed this is due to carbonyl ligands being 
better 7t-acceptors than phosphine ligands. This results in the copper(I) centres being 
less electron rich and therefore bond more strongly to oxygen. 
4.2.3.2 Bis(tertiary-phosphine) Stabilised Phenoxycopper(I) Dimers. 
Two of the complexes synthesised, [{Cu(OPh)(PPh3)2}2] (17) and 
[{ Cu(OPh)(PMe3)2  } 2] (18), formed dimeric copper clusters upon crystallisation 
(Figure 4.9). They both contain two 2-phenoxo ligands and in each of the 
remaining coordination sites of each copper(I) centre is a tertiary-phosphine ligand. 
Figure 4.9 General form of bis(tertiary-phosphine) stabilised phenoxycopper(I) 
dimers. 
Ph 
R3P 	 PR3  
Cu 	Cu 	R= Ph, Me 
R3P7 "PR3  
Ph 
Complex 18 is novel, however 17 has previously been synthesised and crystallised 
(CSD reference code HEZXEP).24 
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4.2.3.2.1 Comparison of the Crystal Structures of 17 and HEZXEP. 
Figure 4.10 Molecular structures of "HEZXEP" (red) and 17 (blue). 
a) superimposibility of one molecule from each structure 
b) superimposibility of two adjacent molecules from each structure 
It can be seen (Figure 4.10) that while it is possible to superimpose one molecule of 
each complex (17 & HEZXEP) it is not possible to overlay two or more molecules. 
In 17 the molecules lie parallel with respect to each other while in HEZXEP a 
rotation of 90 ° is observed between adjacent molecules. The two structures are non-
superimmposable and so can be said to be polymorphs of each other. 
4.2.3.2.2 Comparison of the Crystal Structures of 17 and 18. 
Both 17 and 18 were found to crystallise as a dimeric species with the 
copper(I) atoms exhibiting pseudo tetrahedral environments. Each copper(I) centre 
has two phosphine ligands, two p.2-phenoxo ligands bridge the copper centres and a 
C2  rotational axis is present along the C(1 1)... C(21) vector in complex 17. Table 4.4 
compares selected bond/interatomic distances and angles of the two complexes, 
however more detailed tables can be found in the Appendix. 
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Figure 4.11 Molecular structure of ({Cu(OPh)(PPh3)2}2] (17), hydrogen atoms 




Figure 4.12 Molecular structure of [{Cu(OPh)(PMe3)2}2] (18), hydrogen atoms 
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Table 4.4 Comparison of selected bond/ interatomic distances (A) and angles 
(°) in complexes 17 and 18 
[(Cu(OPh)(PPh3)2)21 (17) [(Cu(OPh)(PMe3)2)2] (18) 
Bond/ interatomic distances (A) 
Cu-0 2.119(8) - 2.152(7) 2.064(5) - 2.093(5) 
Cu-P 2.278(4) - 2.289(4) 2.194(3) - 2.246(3) 
0-C 1.222(18) & 1.235(17) 1.297(8) & 1.305(8) 
Cu ... Cu 3.194 3.171 
0.. .0 2.835 2.692 
Angles (°) 
Cu-0-Cu 95.8(4) & 97.8(5) 98.9(2) & 99.7(19) 
0-Cu-0 83.2(3) 80.58(18) & 80.72(18) 
P-Cu-P 115.26(15) 120.85(10)& 122.86(11) 
Twist of OPh ring 
from Cu202 plane - 23.5 & 43 1.7 & 4.6 
By comparing the Cu-0 bond lengths and the Cu.. .Cu and 0.. .0 interatomic 
distances it can be noted that 18 has a considerably tighter Cu202 core than 17 (Table 
4.4). Secondly, the Cu-P bond length is shorter in 18 than in 17. It is proposed these 
are due to reduction in steric crowding around the copper(I) centres by changing 
triphenylphosphine for trimethyiphosphine. The Cu-0 distances are shorter and the 
U-C bond lengths are longer in 18 than in 17. It is hypothesised that this is due to 
the aromatic rings of the aryloxide ligand in 18 lying co-planar with respect to the 
Cu202 core allowing pseudo-hyperconjugation across the core with the aryloxide 
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ligands behaving as a a-donor/ ic-donor ligands (Figure 4.13). These complexes (17 
and 18) are behaving in a similar manner to the two chromium complexes mentioned 
previously, [R3PCr(CO)51 (R = Ph, OPh), with the Cu-0 bond length being shortest 
and the 0-C bond lengths being longest for the system with the most electron 
donating phosphine (18). 
Figure 4.13 Hyperconjugation of electrons between phenoxo ligands and Cu2 
atoms. The tertiaryphosphine ligands have been omitted for clarity 
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4.2.3.3 Synthesis of [2,6-diisopropylphenoxy(bis-triphenylphosphine) 
copper(l)] (19) 
Phenol was changed to 2,6-diisopropylphenol because it was hoped the 
isopropyl groups at the 2 and 6 positions of the phenolic ring would reduce the co-
ordination number of the copper(I) centres. It was proposed this would be achieved 
either by the loss of one phosphine ligand per copper(I) or by the cleavage of two 
Cu-0 bonds resulting in a new monomeric species. The latter rearrangement would 
result in the binding mode of the aryloxide ligands to change from jt2 to terminal. 
Dissolving a small quantity of the complex in the minimum volume of toluene and 
layering this solution with hexane grew crystals of X-ray quality. No copper 
complex with 2,6-diisopropylphenoxide has previously been reported. 
It can be seen from the molecular structure of 19 that a reduction in the 
coordination number of the copper centres has occurred via the latter proposed route 
(Figure 4.14). 
The Cu-0 bond lengths are shorter in complex 19 than in 17 (Table 4.5). 
This is caused by a change in the binding mode of the aryloxide ligand from p.2  to 
terminal. The Cu-P bond lengths have decreased as a result of the introduction of the 
two diisopropyl groups suggesting the copper(I) centre has more affinity for the 
phosphine ligands. The copper is only three coordinate in 19 and therefore is less 
electron rich. The ligands are therefore bound more strongly to compensate. 
Table 4.5 Comparison of the Cu-0 and Cu-P bond lengths (A) in complexes 17 
and 19 
[Cu(OPh)(PPh3)2112 (17) [Cu(0C6H3('Pr)2)(PPh3)2] 
(19) 
Cu-0 2.119(8)-2.152(7)A 1.933(2)A 
Cu-P 2.278(4) & 2.289(4) A 2.2535(10) & 2.2697(10) A 
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It can be seen that one of the Cu-P bonds [Cu(1)-P(1)] is substantially longer than the 
other (Table 4.6). This is due to the Cu-0 bond not lying directly between both 
phosphine ligands. The smaller 0-Cu-P angle (113.24 0)  corresponds to the 
phosphine labelled P(1) in Figure 4.14. This is caused by the twist around the Cu-0 
bond to allow the electronic interaction between Cu(1)-H(121). The distance 
between these to atoms (2.32 A) which is too long to be formally called a bond infers 
that an agostic interaction is occurring between these two atoms. 
Figure 4.14 Crystal structure of (Cu{0C6H3('Pr)2}(PPh3)2] (19), all hydrogen 
atoms, except H121 and H161, removed for clarity. Proposed agostic 
interaction shown as hashed line between H121 and Cul 
C(15) 







A reported complex which has a similar 3 coordinate copper centre is 
[Cu{OCOC6H3(NO2)2}(PPh3)2] (CSD reference code LAPVAZ) however in this 
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complex the aryloxide had been replaced by a strongly electron withdrawing 
carboxylic acid causing the Cu-0 bond to increase in length to 2.051 A (Table 4.6).25 
3,5-dinitrobenzoate is less bulky than 2,6-diisopropylphenoxy and as a result the Cu-
P bonds are much shorter than observed in 19 and the P-Cu-P angle increases. 
Table 4.6 Comparison of selected bond/ interatomic distances (A) and angles 





Bond lengths (A) 
Cu-0 1.933(2) 2.051(3) 
Cu-P 2.253(1) & 2.269(1) 2.221(1) & 2.243(1) 
Angles (°) 
P-Cu-P 125.44(4) 129.24(4) 
0-Cu-P 113.24(7) & 121.28(7) 108.95(8) & 121.76(8) 
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4.2.3.4 Mono(tertiary-phosphine) Stabilised Phenoxycopper(l) Dimers. 
Previously the addition of exact quantities of triphenyiphosphine to toluene 
solutions of copper(I) phenoxide has led to three different products (Figure 4.1 5)•2.24 
The copper: phosphine ratio of starting materials added was 1:1(A) to 1:1.5 (B) and 
finally 1:2 (C) and these ratios were observed in the products. 
Figure 4.15 Different structural motifs available upon the addition of various 
quantities of triphenylphosphine to copper(l) phenoxide. A & B synthesised 
by Jagner et aL2 and C prepared by Yamamoto et aL24 
P h,,,PPh3 
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As a copper : phosphine ratio of 1:2 was used in the synthesis of the two 
complexes [Cu{OPh('Pr)2} PMe3]2 and [Cu(OCHPh2)PPh3]2 (20 and 21 respectively) 
it was predicted that a structural motif similar to that shown in Figure 4.15(C) would 
be observed. This was not the case as both complexes crystallised as dimeric species 
with a Cu:P ratio of 1:1 (Figure 4.16). This geometry has only once previously been 
reported for copper(I) aryloxide or alkoxide complexes when [Cu(OtBu)(PPh3)]2 was 
synthesised by Caulton et al. (CSD reference code KIBXAU) however the 
comparisons which can be made between KIBXAU, 20 and 21 are limited due to 
KIBXAU adopting a butterfly geometry (Figure 4.17)26 
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Figure 4.16 Crystal structures of 20 and 21 with hydrogen atoms removed for 
clarity 
C(14A) 
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Figure 4.17 Molecular structure of KIBXAU showing one whole molecule 
observed from: (A) above the Cu202 plane; (B) along the O(1) ... O(IA) 
vector. The hydrogen atoms have been removed for clarity. 
In complexes 20 and 21 it can be seen that the Cu202 core is planar as its 
internal angles add up to 360 ° however in KIBXAU the sum of the angles is 348.4 
showing this system is bent along the 0-0 vector (Table 4.7). 
It is proposed that the length of the Cu-P bonds be proportional to the overall 
steric bulk of all the copper(I) ligands. Complex 20 has the smallest Cu-P bond 
length while KIBXAU, which has t-butoxide and triphenyiphosphine as ligands, has 
the longest Cu-P bond. 
The Cu-P bond lies offset from the optimised trigonal-planar environment 
with two 0-Cu-P angles that are dissimilar. The steric bulk of the aryloxide or 
alkoxide ligands cause this non-symmetric orientation. In complex 21 the phosphine, 
P(l), bends towards the proton H(l 1) thus adopting the thermodynamically most 
stable orientation by rotating away from the phenyl rings of the opposite 
benzhydroxide ligand and as a consequence to this the benzhydroxide ligands are 
oriented trans to each other (Figure 4.16 and Figure 4.18). As each P atom is 
positioned closer to one of the benzhydroxide ligands this results in an elongation of 
the Cu-0 bond between these two ligands due to an increase in steric factors. This 
increase in the Cu-0 bond is proportional to the difference in the P-Cu-0 angles. 
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Table 4.7 Comparison of the interatomic/ bond distances (A) and angles (°) for 
complexes 20,21 and KIBXAU. The omitted values in KIBXAU were deemed 















CU-P 2.116(5) 2.1225(5) 2.144(2) 
Cu ... Cu 3.051(4) 2.9829(5) - 
0.. .0 2.540 2.558 - 
Angles (°)  
0-Cu-0 79.5(5) 81.23(6) 80.4(2) 











bond; Trans) - 
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Figure 4.18 Molecular structure of [Cu(OCHPh2)PPh3]2 observed along the 
O(IIA) ... O(11) vector. The phenyl rings of triphenyiphosphine and all 
hydrogens except H(11) and H(IIA) have been omitted for clarity. 
4.2.3.5 Synthesis of Linear Cu(l)/Cu(ll)/Cu(l) Copper Trimer Complexes 
To examine the effect a strongly acidic phenol would have on the structural 
geometries of tertiary-phosphine stabilised copper(I) aryloxide complexes, 
pentafluorophenol was used. Pentafluorophenol has a low pKa value of 5.33 due to 
the electronegative fluorine atoms present on the phenyl ring. The complexes 
[{ Cu(I)(PPh3)2(OPhF)2}2Cu(II)J (22) and [{Cu(I)(PMe3)2(OPhF)2 }2Cu(II)] (23) were 
obtained upon reacting [Tl(OPhF)] with [Cu(PPh3)Cl] and [Cu(PMe3)Cl] in the 
presence of a further stoichiometric equivalent of the tertiary phosphine. These 
complexes were crystallised by dissolving a small quantity of the complex in toluene 
and layering this solution with hexane (Figure 4.19). The structures consist of a 
central square planar copper(II) ion with four p.2-aiyloxide ligands. The phenolic 
oxygens bridge two copper(I) centres, which are each further ligated with two 
tertiary phosphines and the complex has an overall neutral charge. 
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Figure 4.19 Molecular structures of complexes 22 and 23 with hydrogen atoms 
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The only published example of a similar structural motif was reported by 
Darensbourg et al. in the crystal structure of [bisQt3-malonato-O,O,O',O')-tetrakis-
(triphenylphosphino)-di-copper(I)-copper(II)] dichloromethane solvate (CSD 
reference code PITRUF, Figure 4.20).27  PITRUF was synthesised by the use of 
both copper(I) and copper(II) salts as reagents however 22 and 23 were synthesised 
using only copper(I) starting materials (complexes 12 and 13). Of all the copper(I) 
complexes (16-23) only those which have pentafluorophenol as one of the ligands 
adopt this structural motif, suggesting the complexes were not formed due to poor 
experimental technique. 
Figure 4.20 Molecular structure of PITRUF as synthesised by Darensbourg et 
A with phenyl rings, hydrogen atoms and dichioromethane solvate 
omitted for clarity 
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Table 4.8 Comparison of bond/ interatomic distances (A) and angles (°) in 
complexes 22,23 and PITRUF 
22 23 PITRUF 



















Cu'. ..Cu11 3.244 3.203 3.132 
O(11) ... O(21) 2.492 2.558 2.561 
Angles (°) 
O-Cu'-O 69.9(1) 71.9(3) 72.1(2) 














On comparison of the three complexes (22, 23, PITRUF) a number of 
structural observations can be made. Working across the molecule it can firstly be 
seen that the Cu-P bond lengths and the P-Cu-P angles are related to how good each 
phosphine is as a a-bond donor and the steric effects of all the ligands. As a result 
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23 has the shortest Cu-P bond length and the largest P-Cu-P angle while the reverse 
is true for 22. No comparison can be made on the effect the aryloxide ligands have 
on the Cu(I)-0 bond length because the tertiary phosphine ligands also have a large 
effect. This is however not the case for the Cu(II)-0 bonds as the copper(II) centre is 
completely surrounded by aryloxide ligands. It can be seen that malonate forms 
shorter, stronger bonds with copper(II) than pentafluorophenol and it is proposed that 
this is due to malonate being a stronger donor. Complexes 22 and 23 have identical 
Cu(II)-0 bonds (within the E.S.D. values). 	The angles within each 
Cu(I) ... 0.. . Cu(II). . .0(A) unit are a result of overall steric factors and bond lengths 
hence, it is not a surprise that PITRUF has the shortest Cu(I)... Cu(II) interatomic 
distance and 22 the longest. Finally 23 and PITRUF have central copper(II) ions 
which are very close to having perfect square-planar geometry (0-Cu(II)-0(A) 
angles of 90 & 1800) however due to the large steric strain the Cu(II) atom in 22 is 
considerably distorted from an ideal square-planar geometry. 
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43 Attempted thermal decomposition of copper(l) aryloxide/ 
alkoxide complexes 
The above complexes, 16 - 23, were synthesised to discover a novel tertiary-
phosphine stabilised copper(I) aryloxide or alkoxide complex that would decompose 
to give copper(0) upon thermal treatment as shown in Scheme 4.2. 
Having produced a number of test complexes, 16 —21, it was important to see 
which would satisfy the criteria of the project. The two trimer complexes, 22 & 23, 
were omitted from testing due to the copper(II) centres. All the remaining 
complexes were screened for further testing by heating of a small solid sample of 
each complex under dinitrogen to approximately two hundred degrees using a heat 
gun. The complexes that showed no sign of decomposition after heating for 1 hr 
were deemed to be too stable for the purposes of the project (Table 4.9). Only 
[Cu(OPh'Pr2)PMe3]2 (20) discoloured under these conditions. A small sample (250 
mg) of 20 was dissolved in toluene (3 cm. 3) and this solution was stirred and heated 
to 90°C overnight in a 3 cm3 cuvette under dinitrogen with the aim of decomposing 
the complex to copper(0) under these conditions. The following day no copper(0) 
was visible inside the cuvette. The toluene was removed from the reaction mixture 
in vacuo and the remaining white solid, which was analysed by 'H and 31P NMR, 
was found to be unaltered complex 20. The complex was thought to be indefinitely 
stable at 90 °C. From these qualitative tests it was possible to produce the following 
table on stability (Table 4.9). 
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Table 4.9 Temperature below which each copper(l) aryloxide or alkoxide 
complex is thought to be indefinitely stable 







From the above table it can be seen that all the copper(I) aryloxide and 
alkoxide complexes synthesised, 16 - 21, are all too thermally stable for the purposes 
of the project. It is also proposed that complex 20, which showed signs of being a 
suitable candidate, possibly encountered the same problem observed during the 
decomposition of methyl(trimethylphosphine)gold(I) (7). 	Trimethylphosphine 
liberated during the decomposition of 7 bound to non-decomposed molecules thus 
hindering further decomposition. 
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4.4 Experimental 
4.4.1 Thallium Precursors 
[TI(OPh)] 	(9) 
Thallium ethoxide (0.48 ml, 6.7 mmol) was added via syringe to a stirring 
solution of phenol (0.632 g, 6.7 mmol) in THF (25 ml, 0°C). The mixture was 
allowed to warm to room temperature over the next hour and the white precipitate 
that formed filtered in air, washed with diethylether (2 x 25 ml), dried in vacuo and 
stored at +4 °C in the dark. 
Yield: 1.99 g, 6.68 mmol, 93.36 % 
[Tl(OPh)] (298.01) 
	
Caic. %C24.22% H1.69 
Found %C=23.95% H° 1.38 
[TI{0C6H3('Pr)2}} 	(10) 
This complex was prepared exactly as described in the synthesis of 9 with the 
following ratio of materials: thallium ethoxide (3.115 ml; 43.6 mmol), 2,6-
diisopropylphenol (8.085 ml; 43.6 mmol) THF (150 ml, 0°C). Final product 
appearance: white powder. 
Yield 14.16 g, 37.06 mmol, 85% 
[Tl(OPh('Pr)2)] (382.01) 
	
Calc. %C = 37.76 % H = 4.49 
Found %C = 37.95 % H = 4.80 
m/z (FAB) 383 
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[TI(OPhF)] 	(11) 
This synthesis was performed as for 9 using hexane for both the reaction and 
washing solvents. The following reagent ratios were used: thallium ethoxide (0.922 
ml; 12.9 mmol), pentafluorophenol (2.375 g; 12.9 mmol), hexane (40 ml, 0°C). The 
white powder produced was recrystallised from a benzene solution which was 
layered with hexane yielding colourless crystals of X-ray crystallographic quality. 
Yield 4.093 g; 10.55 mmol, 81.86% 
'9F NMR(THF, 235 MHz) 8 -178 (m, 2F, PhF) -166 (m, iF, PhF) -160 (m, 2F, PhF) 
[Tl(OPhF)] (387.96) 	Caic. %C = 18.6 
Found %C= 18.46 
m/z (FAB) 979 T13(006F5)2, 593 T1(OC6F5), 205 TI 
4.4.2 Copper Precursors 
[Cu(PPh3)CI]44 	(12) 
Triphenyiphosphine (13.247 g, 50.505 mmol) was added in one portion to a 
stirring solution of copper(I) chloride (5 g; 50.505 mmol) in ethanol (150 ml). After 
two hours, the white precipitate formed was filtered off in air, washed with ethanol 
(2x50 ml) and dried under vacuum. 
Yield: 16 g, 44.44 mmol, 88 % 
C18H15C1CuP (361.28) 
	
Caic. %C59.84% H4.18% 
Found %C59.59% H4.10% 
mlz (FAB) 326 [Cu(PPh3)1 
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[Cu(PMe3)CI]44 	(13) 
Trimethyiphosphine (7.24 ml; 70.02 mmol) was dissolved in benzene (12 ml) 
and this solution was added dropwise to a stirring suspension of copper(I) chloride 
(6.94 g; 70.10 mmol) in benzene (25 ml) in the dark. After 30 minutes the resulting 
clear solution was filtered through celite to remove any unreacted copper(I) chloride 
and the volume of benzene reduced to 25 ml. 40-60 petroleum ether was added to 
the solution (20 ml) and the solution cooled in the fridge (+4 °C). The white solid 
which precipitated was filtered under nitrogen, washed with 40-60 petroleum ether 
(20 ml) and dried in vacuo. The filtrate and washings were cooled (-30 °C) in order 
to get a second batch of material. 
Yield: 11.08 g, 63.29 mmol, 90.38% 
C3H9C1CuP (175.08) 
	
Caic. %C20.57% H5.14% 
Found %C=20.37% H=5.34% 
mlz (FAB) 140 [Cu(PMe3)1+  
[Cu{P(OMe)3}I]44 (14) 
Trimethyiphosphite (2.4 ml; 19.8 mmol) was added to a round bottomed flask 
containing copper(I) iodide (3.794 g; 19.9 mmol) suspended in benzene (40 ml) and 
this mixture was refluxed for one day. After cooling to room temperature the 
unreacted copper iodide was filtered from the solution and the benzene reduced in 
volume to 20 ml before cooling to +4 °C. The white precipitate which formed was 
filtered, washed with diethylether (2 x  10 ml) and dried in vacuo. 
Yield: 4.611 g; 14.66 mmol; 74.05 %. 
'H NMR (C6D6, 200 MHz) ö 3.3 (s, 12H, OMe) 
C3H9CuI03P (314.53) 	Calc. %C = 11.45 % H = 2.86 % 
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Found %C11.65% H=2.78% 
mlz (FAB) 279 [CuP(OMe)3] 
[Cu(Mes)]518 	(15) 
A 1 M solution of Mesityl magnesium bromide in THF (45.9 ml; 45.9 mmol) 
was added dropwise to a stirring suspension of copper chloride (5 g; 50.5 mmol) in 
THF (20 ml) at -30°C. After both solutions were mixed thoroughly the reaction 
mixture was allowed to warm to room temperature and was stirred for 13 hours. 
Dioxane (50 ml) was added to the reaction causing the formation of a large amount 
of white precipitate which was filtered under dinitrogen from the green/ yellow 
solution by the use of a filter stick. The solvents were removed in vacuo and the 
resulting yellow powder redissolved in toluene and filtered again. The toluene was 
removed under vacuum to leave a brilliant yellow powder that was stored in the 
glove box. Cooling a hexane solution of 15 to -25°C grew yellow crystals of X-ray 
quality. 
Yield: 7.869 g; 8.624 mmol; 93.95 %. 
1H NMR (CDC13, 200 MHz) 5 2.0 (m, 15H, CH3) 2.9 (s, 30H, CH3) 6.7 (m, 1OH, 
C6 (CH3)3) 
mlz (FAB) 794 [Cu5Mes4], 729 [Cu4Mes4]+, 613 [Cu4Mes3], 550 [Cu3Mes3]+, 369 
[Cu2Mes2]+  
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4.4.3 Tertiary-phosphine Stabilised Copper(I) Aryl/ alkoxides 
[Cu(OPh){P(OMe)3}]4 	(16) 
A cold solution (-78°C) of trimethyiphosphite (0.281 ml; 2.39 mmol) and 
(trimethylphosphite)copper(I) iodide (0.75 g; 2.39 mmol) in THF (20 ml) was added 
via a canular needle to a stirring suspension of thallium phenoxide (0.709 g; 2.39 
mmol) in THF (25 ml) at -78°C. This caused the immediate formation of a yellow 
precipitate in a yellow solution. The reaction was covered in aluminium foil, to 
isolate light from the reaction, and the mixture was allowed to warm to room 
temperature and stirred for three hours prior to the yellow powder (thallium iodide) 
being removed by filtration. The solvent was removed from the filtrate in vacuo and 
the remaining white powder was dissolved in minimum toluene (3 ml). The resulting 
brown solution was filtered, layered with five times the volume of hexane (15 ml), 
stoppered and placed in the dark to crystallise. Pale yellow crystals suitable X-ray 
analysis grew over the following two days. 
Yield: 2.19 g; 1.95 mmol; 81.64 %. 
'H NMR (C6D6, 200 MHz) 8 3.45 (s, 12H, OMe), 7.2 (m, 20H, OPh). 
[Cu(OPh)(PPh3)2]2 	(17) 
This complex was prepared exactly as described in the synthesis of 16 with 
the following ratio of materials: triphenylphosphine (0.776 g; 2.76 mmol), 
(triphenylphosphine)copper(I) chloride (1 g; 2.76 mmol), thallium phenoxide (0.823 
g; 2.76 mmol). The work-up of the reaction mixture is analogous to that in 16 and 
colourless crystals were grown from the crude product by layering a toluene solution 
with hexane. 
Yield: 1.58g, 1.16mmol,84.2% 
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'H NMR (C6D6, 360 MHz): 6 7.5 (m, 1OH, OPh) 7.1 (m, 30H, PPh3) 
31P NMR (CDC13, 100 MHz): 6 8.5 (br, [Cu(OPh)(PPh3)212), -5 (br, PPh3) 
mlz (FAB) 1202.1 [Cu2(0)2(PPh3)41+, 940.1 [Cu2(0)2(PPh3)31+, 757.0 
[Cu2(0)(OPh)(PPh3)21+, 	678.1 	{Cu(OPh)(PPh3)21+, 	589.1 
[Cu(PPh3)2], 324.9 [Cu(PPh3)1+  
[Cu(OPh)(PMe3)2]2 (18) 
(Trimethylphosphine)copper(I) chloride (0.5 g; 2.86 mmol) and 
trimethyiphosphine (0.251 ml; 2.72 mmol) were dissolved/suspended in a 
diethylether (20 ml)/THF (10 ml) mixture. This solution was transferred by double-
ended needle to a second Schlenk tube which contained thallium phenoxide (0.809 g; 
2.72 mmol) suspended in ether (30 ml) at -78°C. The reaction mixture was allowed 
to warm to room temperature, during which time a brown solid formed in a yellow 
solution. This was filtered through celite, washed with ether (2x20m1) and 
evaporated to dryness in vacuo. Dissolving the yellow brown solid in minimum 
toluene, filtering this brown solution and layered with hexane grew colourless block 
crystals. 
Yield: 0.675 g, 1.095 mmol, 76.4 % 
'H NMR (toluene-d8, 360 MHz): 6 1.0 (s, 12H, PMe3), 7.05 (m, 6H, OPh), 7.3 (m, 
4H, OPh) 
3'P NMR (toluene-d8, 360 MHz): 6 -47 (s, exchanging PMe3), 33 (s, 
[Cu(OPh)(PMe3)212) 
mlz (FAB) 467 [Cu2(OPh)2(PMe3)211 , 391 [Cu2(OPh)2(PMe3)], 313 [Cu(OPh)2], 
215 [Cu(PMe3)21+, 139 [Cu(PMe3)] 
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[Cu(OC6H31Pr2)(PPh3)2] 	(19) 
This complex was prepared exactly as described in the synthesis of 16 with 
the following ratio of materials: triphenyiphosphine (0.723 g; 2.76 mmol), 
(triphenylphosphine)copper(I) chloride (0.997 g; 2.76 mmol) thallium 2,6-
diisopropylphenoxide (1.054 g; 2.76 mmol), THF (2 x 25 ml). As previously the 
layering of a toluene solution with five times the volume of hexane grew colourless 
block crystals of X-ray crystallographic quality. 
Yield: 1.89 g, 2.43 mmol, 88.1 % 
'H NMR (toluene-d8, 360 MHz): 6 1.3 (d, 12H, CH3), 4.0 (bs, 1H, C-HCu), 4.4 
(bs, 1H, C-H), 7.0 (m, PPh3), 7.2 (m, 3H, OC6th('Pr)2), 7.4 (m, PPh3) 
31P NMR (toluene-d8, 360 MHz): 6 -3.5 (s, exchanging PPh3), 8 (s, 
[Cu(OPh('Pr)2)(PPh3)21) 
mlz (FAB) 587 [Cu(PPh3)21', 325 [Cu(PPh3)1+  
[Cu(OC6H31Pr2)(PMe3)12 	(20) 
This complex was prepared as described previously in the synthesis of 16 
with the following ratio of materials: trimethyiphosphine (0.251 ml; 2.72 mmol), 
(trimethylphosphine)copper(I) chloride (0.5 g; 2.72 mmol) thallium 2,6-
diisopropylphenoxide (1.037 g; 2.72 mmol). The cooling of a toluene solution to 
4°C grew crystals of X-ray crystallographic quality. 
Yield: 1.89 g, 2.43 mmol, 88.1 % 
'H NMR (toluene-d8, 360 MHz): 6 1.0 (s, 18H, PMe3), 1.2 (d, 12H, CH3), 2.0 (m, 
2H, CH), 7.0 (m, 3H, OPh-H) 
31p NMR (toluene-d8, 360 MHz): 6 -45 (s, exchanging PMe3), 30 (s, 
[Cu(0C6H3('Pr)2)(PMe3)]2 
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mlz (FAB) 558.5 [Cu2(OC6H3'Pr2)2(PMe3)], 481.5 [Cu2(OC6H31Pr2)21+, 417 
[Cu(OC6H31Pr2)21+, 140 [Cu(PMe3)1+  
[Cu(OCHPh2)PPh3]2 	 (21) 
Triphenylphosphine (1.437 g; 5.48 mmol) and benzhydrol (0.5096 g; 2.74 
mmol) were dissolved in toluene (20 ml) and cooled to 0°C. A second solution of 
mesitylcopper (0.5 g; 2.74 mmol) in toluene (20 mol) was cooled to 0°C and the first 
solution added to the second causing an instant colour change from yellow to brown. 
After three hours the white precipitate was filtered from solution and washed with 
ether (2 x 20 ml). The white powder was then dissolved in warm toluene producing 
an orange/ yellow solution that grew crystals of X-ray quality upon slow cooling. 
Yield: 2.024 g, 1.99 mmol, 72.7 % 
'H NMR (C6D6, 360 MHz): 6 5.5 (s, 2H, Cl), 7.0 (m, 12H, PPh3), 7.1 (m, 18H, 
PPh3), 7.3 (m, 4H, CH(Ph-o-H)2), 7.4 (m, 6H, CH(Ph-
m,p-H)2) 
31p NMR (C6D6, 360 MHz): 6 -3.8 ({Cu(OCH(Ph)2)(PPh3)]2) 
mlz (FAB) 1202 [Cu2(0)2(PPh3)4], 940.5 [Cu2(0)2(PPh3)3f, 850.5 
[Cu2(0)(0C6H3('Pr2))(PPh3)21+, 771 [Cu(OC6H3('Pr2))(PPh3)21, 587 
[Cu(PPh3)21+, 325 {Cu(PMe3)1+  
[CuI(PPh3)2(OPhF)2CuU(OPhF)2CuI(PPh3)2] 	 (22) 
A solution of thallium pentafluoropenoxide (1.07 g; 2.77 mmol) in THF (10 
ml) was added to a solution of (triphenylphosphine)copper(I) chloride (1.0 g; 2.77 
mmol) in THF (20 ml; -78°C) causing the immediate formation of a white powder 
(thallium chloride) in a brown/ yellow solution. The reaction mixture was allowed to 
warm to room temperature before the white precipitate was removed by filtering the 
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mixture through celite and the THF removed under vacuum. The remaining brown 
solid was dissolved in minimum amount of toluene and this solution was layered 
with hexane to grow crystals. 
Yield: 1.01 g, 0.51 mmol, 74 %. 
'H NMR (toluene-d8, 360 MHz): 6 7.0 (m, 18H, PPh3), 7.4 (m, 12H, PPh3) 
3 1 P NMR (toluene-d8, 360 MHz): 6 8.1 ([Cu'(PPh3)2(OPhF)2Cu"(OPhF)2Cu1(PPh3)2]) 
mlz (FAB) 1789.9 [Cu'(PPh3)2(OPhF)Cu"(OPhF)2Cu'(PPh3)21, 
1444.6 [Cu'(PPh3)(OPhF)2Cu"(OPhF)2Cu'(PPh3)11 , 
1342.1 [Cu'(PPh3)2(OPhF)Cu"(OPhF)Cu'(PPh3)1, 
1082.3 [Cu'(PPh3)(OPhF)Cu"(OPhF)Cu'(PPh3)1+ , 
1017.4 [Cu'(PPh3)2(OPhF)2Cu"], 
834.5 [Cu1(PPh3)2(OPhF)Cu111+, 588 [Cu(PPh3)2], 326.5 [Cu(PPh3)1+  
[Cu'(PMe3)2(OPhF)2Cu"(OPhF)2Cu'(PMe3)2] 	 (23) 
Thallium pentafluoropenoxide (0.75 g; 1.9 mmol) was dissolved in THF (20 
ml) and added to a suspension of trimethyiphosphine (0.179 ml; 1.9 mmol) and 
(trimethylphosphine)copper(I) chloride (0.356 g; 1.9 mmol) in THF (40 ml; -78°C). 
This caused the immediate formation of a white powder (thallium chloride) in a 
green/ yellow solution. The THF was removed in vacuo and hexane added to 
separate the yellow and green species. The green precipitate was removed by 
filtering the mixture through celite and the hexane was removed under vacuum. The 
yellow solid was dissolved in minimum amount of toluene and again this solution 
was layered with hexane to grow crystals suitable for X-ray analysis. 
Yield: 0.52 g, 0.42 mmol, 89.4 %. 
'H NMR (toluene-dg, 360 MHz): 6 0.9 (s, 36H, PMe3) 
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31P NMR (toluene-d8, 360 M}Iz): 8 8.1 (s, equivalent PMe3 of ligand) 
mlz (FAB) 1043.5 [Cu'(PMe3)2(OPhF)Cu"(OPhF)2Cu'(PMe3)2], 
1074.5 [Cu'(PMe3)(OPhF)2Cu"(OPhF)2Cu'(PMe3)1+ , 
784 [Cu'(PMe3)2(OPhF)Cu11(OPhF)CukPMe3)1, 
709 [Cu'(PMe3)(OPhF)Cu'kOPhF)Cu'(PMe3)1+ , 
645.5 [Cu'(PMe3)2(OPhF)2Cu"1, 464 [Cu'(PMe3)2(OPhp)Cu"] 
215.5 [Cu(PMe3)211 , 140.5 {Cu(PMe3)] 
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Table 1 Crystal data and structure refinement for [AuP(Ph-p-F)3}Cl1 (2) (Figure 2.1) 
Empirical formula C13H12AuC1F3P 
Formula weight 548.66 
Wavelength 0.71073 A 
Temperature 220(2) K 
Crystal system Triclinic 
Space group P-i 
Unit cell dimensions 
a = 8.589(3) A 	alpha = 86.87(2)° 
b = 8.967(3) A beta = 72.00(2)0  
c = 11.826(4) A gamma = 79.33(2)0  
Volume 85 1.3(5) A3 
Number of reflections for cell 24 (15 <0 < 16 0)  
Z 2 
Density (calculated) 2.140 Mg/M3 
Absorption coefficient 8.917 mm4 
F(000) 516 
Crystal description Colourless block 
Crystal size 0.31 x 0.26 x 0.14 mm 
Theta range for data collection 2.53 to 25.05 ° 
Index ranges -9<=h<10, -10<k<10, 0<=l<=14 
Reflections collected 3314 
Independent reflections 3008 [R(int) = 0.05771 
Scan type O0-8 
Absorption correction Optimised numerical(Tmj 	0.186, T. 	0.404) 
Solution Patterson (DIRDIF) 
Refinement type Full-matrix least-squares on F2 
Program used for refinement SHELXL-97 
Hydrogen atom placement Geometric 
Hydrogen atom treatment Riding 
Data / restraints I parameters 3008/0/218 
Goodness-of-fit on F2 1.007 
Conventional R [F>4sigina(F)] RI = 0.0338 [2486 data] 
Weighted R (F2 and all data) wR2 = 0.0680 
Extinction coefficient 0.0068(5) 
Final maximum A/a 0.001 
Weighting scheme calc w=i/[\a(Fo2)+(0.0353P)2+0.0000P1 where P '(Fo2+2Fc2)/3 
Largest duff, peak and hole 1.195 and -1.057 e.A'3 






P(1 )-Au(1 )-Cl(1) 176.06(7) 
C(21)-P(1)-C(1 1) 104.8(3) 
C(21)-P(I)-C(31) 105.8(3) 
C(1 1)-P(1)-C(31) 104.7(3) 
Table 3 Crystal data and structure refinement for [Au(PPh3)Mel (5) (Figure2.3) 
Empirical formula C19H18AuP 
Formula weight 474.27 
Wavelength 0.71069 A 
Temperature 293(2) K 
Crystal system Monoclinic 
Space group P2(1)/c 
Unit cell dimensions 
a = 8898(5) A alpha = 90.000(5) 
b = 11.279(5) A beta = 104.490(5) 
c = 17.228(5) A gamma = 90.000(5) 
Volume 1674.0(13) A3  
Number of reflections for cell 44 (13 <8 < 15 0)  
Z 4 
Density (calculated) 1.882 Mg/m3 
Absorption coefficient 8.874 mnf' 
F(000) 904 
Crystal description Colourless plate 
Crystal size 0.28 x 0.16 x 0.08 mm 
Theta range for data collection 2.94 to 25.01 
Index ranges -10<=h<=10, 4<=k<13, 0<1<20 
Reflections collected 2992 
Independent reflections 2948 [R(int) = 0.1455] 
Scan type w-0 
Absorption correction Optimised face-indexed (T in= 0.321, Tmax=0.554) 
Solution Heavy atom (SHELXS-97 (Sheldrick, 1990)) 
Refinement type Full-matrix least-squares on F2 
Program used for refinement SHELXL-97 
Hydrogen atom placement Geometric 
Hydrogen atom treatment Riding 
Data / restraints / parameters 2948/0/191 
Goodness-of-fit on F2 0.952 
Conventional R [F>4sigma(F)] RI = 0.0470 [1849 data] 
Weighted R (F2 and all data) WR2 = 0.0774 
Extinction coefficient 0 
Final maximum &a 0.002 
Weighting scheme calc w=1/[\a2(Fo2)+(0.0236P)2+0.0000P] where P(F02+2Fc2)/3 
Largest duff, peak and hole 0.715 and -0.960 e.A'3  
III 






C(l 1)-P(1)-Au(1) 112.2(3) 
Table 5 Crystal data and structure refinement for [Tl(OPhF)]fl (11) (Figure 4.3) 
Empirical formula C6F5OT1 
Formula weight 387.43 
Wavelength 0.71073 A 
Temperature 150(2) K 
Crystal system Triclinic 
Space group P-i 
Unit cell dimensions 
a = 4.195(3) A 	alpha = 107.28(4) 0 
b 	9.228(6) A beta = 10 1.76(5) 
c = 9.75 1(6) A gamma = 90.66(5) 0 
Volume 351.8(4) A3 
Number of reflections for cell 39 (12.5 <0 <30 0)  
Z 2 
Density (calculated) 3.657 Mg/M3 
Absorption coefficient 23.000 mm 
F(000) 340 
Crystal description Colourless lath 
Crystal size 0.49 x 0.13 x 0.04 mm 
Theta range for data collection 2.69 to 25.01 0 
Index ranges -4<=h<=4, -10<=k<=10, 0<=l<1 I 
Reflections collected 2445 
Independent reflections 1224 [R(int) = 0.0225] 
Scan type 03-0 
Absorption correction Difabs (T,,= 0.047, T,=0.490) 
Solution Patterson (DIRDIF) 
Refinement type Full-matrix least-squares on F2 
Program used for refinement SHELXL-97 
Hydrogen atom placement n/a 
Hydrogen atom treatment n/a 
Data / restraints / parameters 1224/0/119 
Goodness-of-fit on F2 1.051 
Conventional R [F>4sigma(F)] RI = 0.0517 [1120 data] 
Weighted R (F2 and all data) WR2 = 0.150 1 
Extinction coefficient 0.006(3) 
Final maximum iVa 0.000 
Weighting scheme calc w=1/[\&(Fo)+(0. 1 322P)2+0.0000P] where P=(F02+2Fc2)/3 
Largest duff. peak and hole 3.207 and 4.044 e.A 3 
V 
















Table 7 Crystal data and structure refinement for [Cu(PMe3)Cl]4 (13) (Figure 4.5) 
Empirical formula C30H54C14Cu4P4 
Formula weight 934.57 
Wavelength 0.71073 A 
Temperature 220(2) K 
Crystal system Monoclinic 
Space group P2(1)/m 
Unit cell dimensions 
a= 11.0206(17)A alpha9O° 
b = 17.262(3) A 	beta = 113.306(10) 
c = 12.1549(16) A gamma90° 
Volume 2123 .7(6) A3 
Number of reflections for cell 48 (15 <0 < 16 0)  
Z 2 
Density (calculated) 1.462 Mg/m3  
Absorption coefficient 2.397 mm4 
F(000) 956 
Crystal description Colourless lath 
Crystal size 0.80 x 0.31 x 0.16mm 
Theta range for data collection 2.98 to 24.96 ° 
Index ranges -13<=h<=12, 0<=k<=20, 0<=l<14 
Reflections collected 4933 
Independent reflections 3842 [R(int) = 0.0277] 
Scan type 00-0 
Absorption correction Optimised numerical (Ta,,,, = 0.38706, T. = 0.69891) 
Solution direct (SHELXS-97 (Sheldrick, 1990)) 
Refinement type Full-matrix least-squares on 172 
Program used for refinement SHELXL-97 
Hydrogen atom placement Geometric 
Hydrogen atom treatment Riding 
Data / restraints / parameters 3842/0/203 
Goodness-of-fit on F2 1.050 
Conventional R [F>4sigma(F)] RI = 0.0485 [2513 data] 
Weighted R (F2 and all data) wR2 = 0.1057 
Extinction coefficient 0.0012(4) 
Final maximum &a 0.000 
Weighting scheme calc w=1/[\(Fo2)+(0.0344P)2+2.0403P] where P(Fo2+2Fc2)/3 
Largest duff. peak and hole 0.382 and -0.427 e.A 3  
VII 
Table 8 Selected bond lengths [A] and angles [0]  for [Cu(PMe3)C1]4 (13) (Figure 4.5) 
Cu(1)-P(1) 2.1727(19) 








Cu(3)-C1(2) 2.49 13(14) 
P(1)-Cu(1)-Cl(1) 118.16(8) 
P(1 )-Cu(1 )-C1(2) 123.49(4) 
C1( 1)-Cu(1 )-Cl(2) 94.66(4) 
P(2)-Cu(2)-Cl(2) 138.17(6) 
P(2)-Cu(2)-CI(1) 113.27(6) 
C1(2)-Cu(2)-Cl( 1) 96.61(5) 
P(2)-Cu(2)-C1(3) 108.21(5) 
Cl(2)-Cu(2)-C1(3) 96.22(5) 




Cu(1 )-Cl( 1 )-Cu(2) 82.97(5) 





Table 9 Crystal data and structure refinement for [Cu{P(OMe)3}1]4 (14) (Figure 4.5) 
Empirical formula C12H36Cu4I4012P4 
Formula weight 1258.05 
Wavelength 0.71073 A 
Temperature 150(2) K 
Crystal system Orthorhombic 
Space group Pca2(1) 
Unit cell dimensions 
a = 18.820(2) A 	alpha = 90 
b = 10.0229(18) A beta = 90 ° 
c= 18.785(2)A 	gamina9o° 
Volume 3543.3(8) A3 
Number of reflections for cell 68 (15 <0 < 16 O)  
Z 4 
Density (calculated) 2.358 Mg/m' 
Absorption coefficient 6.077 mm .1 
F(000) 2368 
Crystal description Colourless needle 
Crystal size 0.6x0.1 xO.lmm 
Theta range for data collection 2.54 to 25.00 0 
Index ranges 0<h<22, 0<k<1 1, 0<l<22 
Reflections collected 3687 
Independent reflections 3224 [R(int) = 0.0271] 
Scan type 0o_0 
Absorption correction Psi-scans (T= 0.229, Tm 0.273) 
Solution direct (SHELXS-97 (Sheldrick, 1990)) 
Refinement type Full-matrix least-squares on F2 
Program used for refmement SHELXL-97 
Hydrogen atom placement Geom 
Hydrogen atom treatment Mixed 
Data / restraints / parameters 3224/l/332 
Goodness-of-fit on F2 0.943 
Conventional R [F>4sigma(F)] RI = 0.0453 [2182 data] 
Weighted R (F2 and all data) wR2 = 0.0785 
Absolute structure parameter 0.04(5) 
Extinction coefficient 0 
Final maximum &a 0.001 
Weighting scheme caic w=1/[\&(Fo2)+(0.0262P)2+O.0000P] where P(F02+2Fc2)/3 
Largest duff, peak and hole 1.189 and -0.829 e.A'3 	 7771 
UM 
Table 10 Selected bond lengths [A] and angles [O]  for [Cu{P(OMe)3}1]4 (14) (Figure 4.5) 
1(123)-Cu(3) 2.652(3) I(234)-Cu(3) 2.644(3) 
I(123)-Cu(I) 2.668(3) I(234)-Cu(4) 2.662(3) 
1(123)-Cu(2) 2.750(4) I(234)-Cu(2) 2.663(3) 
I(124)-Cu(2) 2.641(3) Cu(l)-P(l) 2.199(7) 
1(124)-Cu(4) 2.666(3) Cu(l )-Cu(4) 3.041(3) 
1(124)-Cu(I) 2.667(3) Cu(2)-P(2) 2.204(6) 
1(134)-Cu(4) 2.688(3) Cu(2)-Cu(4) 2.845(3) 
1(134)-Cu(I) 2.696(3) Cu(3)-P(3) 2.219(7) 
1(134)-Cu(3) 2.737(3) Cu(4)-P(4) 2.218(7) 
Cu(3)-I( 123)-Cu(1) 72.82(9) 1(1 24)-Cu(1 )-I( 123) 104.73(10) 
Cu(3)-I(123)-Cu(2) 70.3 8(8) 1( 124)-Cu(1)-I( 134) 107.21(12) 
Cu(1 )-I(123).Cu(2) 70.77(9) I(123)-Cu( 1 )-I(1 34) 106.28(11) 
Cu(2)-I( 1 24)-Cu(4) 64.82(8) I(124)-Cu(2)-I(234) 113.93(10) 
Cu(2)-I(124)-Cu( 1) 72.48(9) I(124)-Cu(2)-1( 123) 103.18(10) 
Cu(4)-I( 124)-Cu( 1) 69.53(9) I(234)-Cu(2)-I( 123) 104.16(11) 
Cu(4)-I(1 34)-Cu(1) 68.78(9) I(234)-Cu(3)-I(123) 107.48(11) 
Cu(4)-I(134)-Cu(3) 70.20(9) I(234)-Cu(3)-I(1 34) 103.66(10) 
Cu(1)-I(1 34)-Cu(3) 71.07(8) I( 123)-Cu(3)-1( 134) 105.56(10) 
Cu(3)-I(234)-Cu(4) 72.03(9) I(234)-Cu(4)-1(124) 113.16(10) 
Cu(3)-I(234)-Cu(2) 71.87(9) I(234)-Cu(4)-I(1 34) 104.53(10) 
Cu(4)-I(234)-Cu(2) 64.59(8) 1(1 24)-Cu(4)-I(134) 107.47(11) 
94 
Table 11 Crystal data and structure refinement for [Cu(Mes)]5.C7H8  (15) (Figure 4.6) 
Empirical formula C52H63Cu5 
Formula weight 1005.72 
Wavelength 0.71073 A 
Temperature 150(2) K 
Crystal system Monoclinic 
Space group P2(1)/n 
Unit cell dimensions 
a = 15.9762(12) A alpha = 90 
b = 15.8112(12) A 	beta = 96.8350(10) 
c = 18.8881(14) A gamma = 90 
Volume 4737.3(6) A3  
Number of reflections for cell 5914 (2.5 <0 <26.5 0)  
Z 4 
Density (calculated) 1.410 Mg/m3  
Absorption coefficient 2.241 mnf' 
F(000) 2080 
Crystal description Colourless block 
Crystal size 0.29 x 0.26 x 0.22 mm 
0 range for data collection 1.58 to 26.42 
Index ranges -20<h<19, -1 8<=k<19, -23<1<=12 
Reflections collected 26942 
Independent reflections 9693 [R(int) = 0.02181 
Scan type it and o scans 
Absorption correction Sadabs (T in= 0.738, Tmax=0.928) 
Solution direct (SHELXS-97 (Sheldrick, 1990)) 
Refinement type Full-matrix least-squares on F2 
Program used for refinement SFIELXL-97 
Hydrogen atom placement Geometric 
Hydrogen atom treatment Riding 
Data / restraints / parameters 9693/0/518 
Goodness-of-fit on F2 0.966 
Conventional R [F>4sigma(F)] RI = 0.0356 [7563 data] 
Weighted R (F2 and all data) wR2 = 0.0963 
Extinction coefficient 0 
Final maximum Ala 0.018 
Weighting scheme calc w=1/[\cr(Fo2)+(0.0627P)2+0.0000P1 where P(F02+2Fc2)/3 
Largest duff, peak and hole 1.485 and -0.819 e.A4  
XI 
Table 12 Selected bond lengths IA1 and angles [°] for [Cu(Mes)]5.C7H8 (15) (Figure 4.6) 
Cu(l)-C(1 1) 1.979(3) Cu(3)-C(31) 1.988(3) 
Cu( 1)-C(5 1) 1.984(3) Cu(3)-Cu(4) 2.4393(5) 
Cu( 1 )-Cu(5) 2.4176(4) C(3 1)-Cu(4) 1.995(3) 
Cu( 1)-Cu(2) 2.4558(5) Cu(4)-C(4 1) 1.974(3) 
C( 11 )-Cu(2) 1.993(3) Cu(4)-Cu(5) 2.4249(5) 
Cu(2)-C(21) 1.998(3) C(41)-Cu(5) 1.982(3) 
Cu(2)-Cu(3) 2.4911(5) Cu(5)-C(51) 1.991(3) 
C(2 I)-Cu(3) 1.973(3)  
C( 11 )-Cu(1)-C(5 1) 159.79(11) C(2 1)-Cu(3)-Cu(2) 51.60(8) 
C(1 1)-Cu(1)-Cu(5) 146.58(8) C(31)-Cu(3)-Cu(2) 149.84(8) 
C(51)-Cu(1)-Cu(5) 52.68(8) Cu(4)-Cu(3)-Cu(2) 100.975(17) 
C(1 1)-Cu(1)-Cu(2) 52.07(8) Cu(3)-C(3 1)-Cu(4) 75.52(9) 
C(5 1 )-Cu( 1 )-Cu(2) 147.43(8) C(4 1 )-Cu(4)-C(3 1) 156.22(11) 
Cu(5)-Cu( 1)-Cu(2) 98.868(16) C(4 1)-Cu(4)-Cu(5) 52.35(8) 
Cu(l)-C(1 I)-Cu(2) 76.3 7(9) C(3 1)-Cu(4)-Cu(5) 146.65(8) 
C( 1I )-Cu(2)-C(2 1) 143.56(11) C(4 1)-Cu(4)-Cu(3) 150.41(8) 
C( 1 1)-Cu(2)-Cu( 1) 51.56(7) C(3 1 )-Cu(4)-Cu(3) 52.10(8) 
C(2 1 )-Cu(2)-Cu(1) 164.71(8) Cu(5)-Cu(4)-Cu(3) 107.680(16) 
C(1 1)-Cu(2)-Cu(3) 165.64(7) C(41)-Cu(5)-C(51) 150.66(11) 
C(2 1 )-Cu(2)-Cu(3) 50.71(8) C(4 1 )-Cu(5)-Cu(1) 151.79(8) 
Cu(1)-Cu(2)-Cu(3) 114.109(17) C(5 1)-Cu(5)-Cu(1) 52.40(7) 
Cu(3)-C(2 1)-Cu(2) 77.70(9) C(4 1 )-Cu(5)-Cu(4) 52.05(8) 
C(2 1 )-Cu(3)-C(3 1) 158.30(11) C(5 1 )-Cu(5)-Cu(4) 153.55(8) 
C(2 1 )-Cu(3)-Cu(4) 147.27(8) Cu(1)-Cu(5)-Cu(4) 113.946(16) 
C(3 I )-Cu(3)-Cu(4) 52.3 8(8) Cu(l)-C(5 1)-Cu(5) 74.92(9) 
4 11 
Table 13 Crystal data and structure refinement for FCu4(OPh)4{P(OMe)3}41 (16) (Figure 4.7) 
Empirical formula C36H56Cu4016P4 
Formula weight 1122.85 
Wavelength 0.71073 A 
Temperature 220(2) K 
Crystal system Triclinic 
Space group P-I 
Unit cell dimensions 
a = 10.5618(16)A 	alpha78.154(1l) °  
b = 11.1684(19) A beta = 85.535(12) 
c21.255(3)A gamma =77.182(11) °  
Volume 239 1.3(6) A3 
Number of reflections for cell 90 (12.5 <0 < 16 0)  
Z 2 
Density (calculated) 1.559 Mg/rn3  
Absorption coefficient 1.951 mm' 
F(000) 1152 
Crystal description Colourless block 
Crystal size 0.28 x 0.19 x 0.12 mm 
0 range for data collection 2.74 to 25.06 
Index ranges -12<h<=12, -12<--k<= 13, 0<=l<25 
Reflections collected 8456 
Independent reflections 8456 [R(int) = 0.00001 
Scan type w-0 
Absorption correction Optimised face-indexed (T= 0.803, T.=0.85 1) 
Solution Direct (SHELXS-97 (Sheidrick, 1990)) 
Refinement type Full-matrix least-squares on F2 
Program used for refinement SHELXL-97 
Hydrogen atom placement Geometric 
Hydrogen atom treatment Riding 
Data / restraints / parameters 8456/0/541 
Goodness-of-fit on F2 0.975 
Conventional R [F>4sigma(F)] RI = 0.0697 [4432 data] 
Weighted R (F2 and all data) wR2 = 0.1593 
Extinction coefficient 0 
Final maximum iVa 0.000 
Weighting scheme Calc w=i/[\a2(Fo2)+(0.066 1 P)2+0.0000P] where P(F02+2Fc2)/3 
Largest duff, peak and hole 0.921 and -0.874 e.k3 
Table 14 Selected bond Ienths [Al and angles [0]  for [Cu4(0Ph)4 P(0Me)3141 (16) (Figure 4.7) 
Cu(1)-0(123) 2.057(5) Cu(3)-P(3) 2.108(3) 
Cu(l)-P(l) 2.107(2) Cu(3)-0(123) 2.112(5) 
Cu(1).0(134) 2.138(5) Cu(3)-0(134) 2.164(5) 
Cu( 1)-0(124) 2.162(5) Cu(4)-0(1 34) 2.050(5) 
Cu(2)-0(124) 2.065(5) Cu(4)-P(4) 2.114(3) 
Cu(2)-P(2) 2.112(2) Cu(4)-0(124) 2.135(5) 
Cu(2)-0(234) 2.130(5) Cu(4)-0(234) 2.180(5) 
Cu(2)-0(123) 2.182(5) Cu(3)-Cu(4) 3.0509(15) 
Cu(3)-0(234) 2.077(5)  
0(123)-Cu( 1 )-P(1) 134.14(16) 0(1 34)-Cu(4)-Cu(3) 45.10(15) 
0( 123)-Cu(1 )-0(1 34) 83.9(2) P(4)-Cu(4)-Cu(3) 142.34(8) 
P( 1)-Cu(1 )-0(1 34) 127.42(15) 0( 124)-Cu(4)-Cu(3) 87.58(14) 
0(1 23)-Cu( 1 )-0( 124) 85.94(19) 0(234)-Cu(4)-Cu(3) 42.87(13) 
P(1)-Cu(1)-0(124) 126.83(15) C(1 1)-0(123)-Cu(1) 131.9(5) 
0(1 34)-Cu(1 )-0(1 24) 81.02(19) C( 1 1)-0(123)-Cu(3) 114.0(4) 
0(1 24)-Cu(2)-P(2) 132.48(16) Cu(1)-0(1 23)-Cu(3) 98.9(2) 
0(124)-Cu(2)-0(234) 84.59(19) C(1 1)-0(123)-Cu(2) 115.6(4) 
P(2)-Cu(2)-0(234) 132.35(16) Cu(1 )-0(123)-Cu(2) 93.1(2) 
0(1 24)-Cu(2)-0( 123) 85.21(19) Cu(3)-0( 1 23)-Cu(2) 96.4(2) 
P(2)-Cu(2)-0(123) 123.71(15) C(2 1)-0( 1 24)-Cu(2) 127.5(5) 
0(234)-Cu(2)-0(123) 80.72(19) C(2 1 )-0(124)-Cu(4) 114.5(4) 
0(234)-Cu(3)-P(3) 133.61(16) Cu(2)-0( 124)-Cu(4) 98.4(2) 
0(234)-Cu(3)-0( 123) 83.6(2) C(2 1)-0( 124)-Cu(1) 120.7(4) 
P(3)-Cu(3)-0( 123) 131.40(16) Cu(2)-0( 1 24)-Cu(1) 93.5(2) 
0(234)-Cu(3)-0(1 34) 86.68(19) Cu(4)-0(124)-Cu(1) 95.90(19) 
P(3)-Cu(3)-0( 134) 122.41(15) C(3 1)-0(1 34)-Cu(4) 129.2(5) 
0(1 23)-Cu(3)-0(1 34) 81.99(19) C(3 1 )-0(1 34)-Cu( 1) 115.9(5) 
0(234)-Cu(3)-Cu(4) 45.59(14) Cu(4)-0(134)-Cu(1) 99.3(2) 
P(3)-Cu(3)-Cu(4) 139.62(8) C(31)-0(134)-Cu(3) 117.8(5) 
0( 123)-Cu(3)-Cu(4) 87.67(14) Cu(4)-0( I 34)-Cu(3) 92.7(2) 
0(1 34)-Cu(3)-Cu(4) 42.15(13) Cu(1 )-0(1 34)-Cu(3) 94.9(2) 
0(1 34)-Cu(4)-P(4) 134.69(16) C(4 1 )-0(234)-Cu(3) 125.4(5) 
0(134)-Cn(4)-0( 124) 83.7(2) C(4 1 )-0(234)-Cu(2) 115.0(4) 
P(4)-Cu(4)-0(124) 128.92(16) Cu(3)-0(234)-Cu(2) 99.1(2) 
0( 134)-Cu(4)-0(234) 86.9(2) C(4 1 )-0(234)-Cu(4) 124.1(5) 
P(4)-Cu(4)-0(234) 123.69(16) Cu(3)-0(234)-Cu(4) 91.54(19) 
0( 124)-Cu(4)-0(234) 1 81.75(19) Cu(2)-0(234)-Cu(4) 95.0(2) 
Table 15 Crystal data and structure refinement for [{Cu(OPh)(PPh3)2}2] (17) (Figure 4.11) 
Empirical formula C84H70Cu202P4 
Formula weight 1362.36 
Wavelength 0.71073 A 
Temperature 150(2) K 
Crystal system Monoclinic 
Space group C2/c 
Unit cell dimensions 
a = 20.782(5) A alpha = 90 
b = 17.373(3) A beta = 91.99(3) 
c = 18.642(4) A gamma = 90 
Volume 6727(2) A3  
Number of reflections for cell 66 (20 <0 <29 0)  
Z 4 
Density (calculated) 1.345 Mg/m3 
Absorption coefficient 0.777 mm-' 
F(000) 2832 
Crystal description Colourless block 
Crystal size 0.38 x 0.35 x 0.16 mm 
O range for data collection 2.64 to 19.99 
Index ranges -19<=h<19, 0<=k<16, 0<1<17 
Reflections collected 3289 
Independent reflections 3118 [R(int) = 0.0887] 
Scan type o-0 
Absorption correction Psi-scans (T= 0.373, Tm 	0.462) 
Solution direct (SHELXS-97 (Sheidrick, 1990)) 
Refinement type Full-matrix least-squares on F2 
Program used for refinement SHELXL-97 
Hydrogen atom placement Geometric 
Hydrogen atom treatment Riding 
Data / restraints / parameters 3118/367/200 
Goodness-of-fit on F2 1.025 
Conventional R [F>4c(F)] RI = 0.0983 [1652 data] 
Weighted R (F2 and all data) wR2 = 0.2764 
Extinction coefficient 0 
Final maximum A/cr 0.000 
Weighting scheme calc w=1/[\a2(Fo2)+(0. 1480P)2+0.0000P] where P(F02+2Fc2)/3 
Largest duff, peak and hole 0.940 and -1.619 e.A'3  
Table 16 Selected bond lengths [A] and angles [0]  for [{Cu(OPh)(PPh3)2} 2] (17) (Figure 4.11) 
Cu(1)-O(11) 2.119(8) 
Cu(1)-0(2 1) 2.152(7) 
Cu(1)-P(1) 2.278(4) 
Cu(l)-P(2) 2.289(4) 
0(l I)-Cu(l)#1 2.119(8) 
0(2 1)-Cu(1)#1 2.152(7) 








Cu(1)-0(1 1)-Cu(1)#1 97.8(5) 
C(21)-0(21)-Cu(1)#1 132.1(2) 
C(2 1).0(2 1)-Cu(1) 132.1(2) 
Cu(1)#1-0(21)-Cu(1) 95.8(4) 
xv' 
Table 17 Crystal data and structure refinement for [I Cu(OPh)(PMe3)2)21  (18) (Figure 4.12) 
Empirical formula C24HCu202P4 
Formula weight 617.57 
Wavelength 1.54184 A 
Temperature 220(2) K 
Crystal system Orthorhombic 
Space group Pna2( 1) 
Unit cell dimensions 
a 	20.950(3) A alpha =90 
b = 11.4596(10) A beta = 90 
c = 13.3877(12) A gamma = 90 
Volume 3214.1(6) A3  
Number of reflections for cell 66 (20 <El <22 0)  
Z 4 
Density (calculated) 1.276 Mg/M3 
Absorption coefficient 3.641 mm' 
F(000) 1296 
Crystal description Colourless block 
Crystal size 0.5 x 0.27 x 0.16 mm. 
9 range for data collection 4.22 to 70.24 
Index ranges 0<=h<25, 0<=k<= 13, 0<z1<1 6 
Reflections collected 4627 
Independent reflections 2695 [R(int) = 0.0264] 
Scan type 
Absorption correction Psi-scans (T= 0.200, Tm 0.366) 
Solution Direct (SHELXS-97 (Sheidrick, 1990)) 
Refinement type Full-matrix least-squares on F2 
Program used for refinement SHELXL-97 
Hydrogen atom placement Geometric 
Hydrogen atom treatment Riding 
Data / restraints / parameters 2695/1/289 
Goodness-of-fit on F2 0.992 
Conventional R [F>4sigma(F)] RI = 0.0453 [2075 data] 
Weighted R(F2 and all data) WR20.1151 
Absolute structure parameter 0.04(6) 
Extinction coefficient 0 
Final maximum A/a 0.000 
Weighting scheme calc w1/[\&(F02)+(0.0650P)2+0.0000P] where P=(F02+2Fc2)/3 
Largest duff, peak and hole 0.423 and -0.330 e.A'3  
XVII 
Table 18 Selected bond lengths AJ and angles [O] for [{Cu(OPh)(PMe3)2}2] (18) (Figure 4.12) 
Cu(1)-0(l 1) 2.080(5) 
Cu( 1 )-0(2 1) 2.083(5) 
Cu(2)-0(1 1) 2.093(5) 





Cu(1)-O(l 1)-Cu(2) 98.9(2) 
Cu(2)-0(2 I)-Cu(I)  99.77(19) 
0(1 l)-Cu(1)-0(21) 80.58(18) 
0(21 )-Cu(2)-0(1 1) 80.72(18) 
0(11)-Cu(1)-P(1) 119.3(2) 
0(1 1)-Cu(l)-P(2) 106.3(2) 
0(1 1)-Cu(2)-P(3) 103.5(2) 
0(11 )-Cu(2)-P(4) 117.4(2) 
0(21)-Cu(1)-P(1) 117.9(2) 
0(2 1)-Cu( 1 )-P(2) 104.4(2) 
0(21 )-Cu(2)-P(3) 104.4(2) 
0(21)-Cu(2)-P(4) 119.4(2) 
P(1)-Cu(l)-P(2) 120.85(10) 
C(1 1)-0(1 1)-Cu(1) 130.4(4) 
C(l 1)-0(11) Cu(2) 130.4(4) 
P(4)-Cu(2)-P(3) 122.86(11) 
Table 19 Crystal data and structure refinement for [Cu {OPh(Pr')2}(PPh3)2] (19) (Figure 4.14) 
Empirical formula C48H47CuOP2 
Formula weight 765.34 
Wavelength 0.71073 A 
Temperature 220(2) K 
Crystal system Triclinic 
Space group P-i 
Unit cell dimensions 
a = 10.523(2) A alpha = 94.252(16) 
b = 12.467(3) A beta = 91.546(19) 
c= 16.165(4)A gamma= 108.522(16) °  
Volume 2002.4(8) A3  
Number of reflections for cell 26 (14 <8 < 15 0)  
Z 2 
Density (calculated) 1.269 Mg/m3 
Absorption coefficient 0.661 mm -1 
F(000) 804 
Crystal description Colourless block 
Crystal size 0.51 x 0.39 x 0.27 mm 
8 range for data collection 2.53 to 24.99 
0 
Index ranges -12<=h<12, -14<k<= 14,0<1<19 
Reflections collected 10218 
Independent reflections 7031 [R(int) = 0.04991 
Scan type (0-9 
Absorption correction Psi-scans (Tin= 0.3715, Tm = 0.4141) 
Solution direct (SHELXS-97 (Sheldrick, 1990)) 
Refinement type Full-matrix least-squares on F2 
Program used for refinement SHELXL-97 
Hydrogen atom treatment freely/riding 
Data / restraints / parameters 7031/0/477 
Goodness-of-fit on F2 0.992 
Conventional R [F>4a(F)] RI = 0.0473 [4622 data] 
Weighted R (F2 and all data) wR2 = 0.0938 
Extinction coefficient 0 
Final maximum &a 0.001 
Weighting scheme calc w= 1 /[a(Fo2)+(0.0389P)2+0.0000P] where P=(F02+2Fc2)/3 
Largest duff. peak and hole 0.327 and -0.260 e. A73 
IP 
Table 20 Selected bond lengths [A] and angles [O]  for [Cu{OPh(Pr')2}(PPh3)] (19) (Figure 4.14) 




0(1 l)-Cu(l)-P(2) 12 1.28(7) 
0(1l)-Cu(1)-P(1) 113.24(7) 
P(2)-Cu( 1 )-P(1) 125.44(4) 
Table 21 Crystal data and structure refinement for [(Cu{OPh(Pr')2}(PMe3))2] (20) (Figure 4.16) 
Empirical formula C30H 2Cu202P2 
Formula weight 633.74 
Wavelength 0.71073 A 
Temperature 220(2) K 
Crystal system Monoclinic 
Space group P21/c 
Unit cell dimensions 
a = 9.387(2) A alpha =90 
b = 20.870(9) A beta = 117.65(2) 
c9.659(3)A gamma 	90 
Volume 1676.2(10) A3 
Number of reflections for cell 37 (15 <0 < 16 0) 
Z 2 
Density (calculated) 1.256 Mg/rn3  
Absorption coefficient 1.387 mm' 
F(000) 672 
Crystal description Colourless plate 
Crystal size 0.70 x 0.54 x 0.08 mm 
0 range for data collection 2.57 to 25.09 
Index ranges -1 1<=h<9, -24<k<=24, 0<111 
Reflections collected 7950 
Independent reflections 2954 [R(int) = 0.39901 
Scan type OA 
Absorption correction Face-indexed, not optimised 	0.5454, 	0.8933) 
Solution direct (SHELXS-97 (Sheldrick, 1990)) 
Refinement type Full-matrix least-squares on F2 
Program used for refmernent SHELXL-97 
Hydrogen atom placement Geometric 
Hydrogen atom treatment Riding 
Data / restraints / parameters 2954/0/163 
Goodness-of-fit on F2 1.137 
Conventional R [F>4sigma(F)] RI = 0.1220 [1138 data] 
Weighted R (F2 and all data) wR2 = 0.4327 
Extinction coefficient 0 
Final maximum i\ia 0.000 
Weighting scheme calc w=1/[\&(Fo2)+(0.2000P)2+0.0000PJ where P(F02+2Fc2)/3 
Largest duff, peak and hole 2.366 and -2.143 e.k3  
Table 22 Selected bond lengths [A] and angles [0]  for [(Cu{OPh(Pr')2}(PMe3)12 (20) (Figure 4.16) 
Cu(l)-0(1 1)#1 1.933(9) 
Cu(l)-O(11) 2.036(11) 
Cu(1)-P(1) 2.116(5) 
0(1 I)-Cu(l)#1 1.933(9) 
Cu(l)-Cu(l)#1 3.051(4) 






Table 23 Crystal data and structure refinement for F {Cu(OCHPh2)(PPh3)} 2] (21) (Figure 4.16) 
Empirical formula C62 H52 Cu2 02 P2 
Formula weight 1018.06 
Wavelength 0.71073 A 
Temperature 150(2) K 
Crystal system Triclinic 
Space group P-i 
Unit cell dimensions 
a8.5118(9)A 	alpha 	110.3667(16) °  
b = 12.0814(12) A beta = 103.8064(17) 
c = 13.6035(14) A gamma = 101.3318(18) 
Volume 12 12.0(2) A3  
Number of reflections for cell 4582 (2.5 <0 <26.5 0)  
z I 
Density (calculated) 1.395 Mg/M3 
Absorption coefficient 0.989 mm-1  
F(000) 528 
Crystal description Colourless rod 
Crystal size 0.29 x 0.06 x 0.04 mm 
Theta range for data collection 1.69 to 26.38 ° 
Index ranges -10<h<10, -15<=k<14, -16<1<=16 
Reflections collected 8205 
Independent reflections 4836 [R(int) = 0.0175] 
Scan type i and co scans 
Absorption correction Sadabs (T,= 0.400, T,0.491) 
Solution direct (sir92 using WINGX) 
Refinement type Full-matrix least-squares on F2 
Program used for refinement SHELXL-97 
Hydrogen atom placement Difmap 
Hydrogen atom treatment freely refined 
Data / restraints / parameters 4836/0/411 
Goodness-of-fit on F2  0.935 
Conventional R [F>4sigma(F)] RI = 0.0312 [3914 data] 
Weighted R (F2 and all data) wR2 = 0.0749 
Extinction coefficient 0 
Final maximum Ala 0.000 
Weighting scheme caic w=1/[\a2(Fo2)+(0.0458P)2+0.0000P] where P=(Fo2+2Fc2)/3 
Largest duff. peak and hole 0.477 and -0.298 e.A3 











0(1 1)-Cu(l)-Cu(1)#1 39.87(4) 
P(1 )-Cu( I )-Cu(1 )# 1 162.79(2) 
C(11)-0(11)-Cu(l)#1 131.48(11) 
C(11)-O(11)-Cu(1) 129.75(11) 
Cu(l)#1-O(1 1)-Cu(1) 98.77(6) 
Table 25 Crystal data and structure refinement for [(Ph3P)2Cu'(OPhF)2Cu11(OPhF)2CU'(PPh3)2] (22) 
(Figure 4.19) 
Empirical formula C36H36Cu3F2004P4 
Formula weight 1227.15 
Wavelength 0.71073 A 
Temperature 220(2) K 
Crystal system Orthorhombic 
Space group Pbca 
Unit cell dimensions 
a = 11.5289(12) A alpha = 90 
b = 18.629(8) A beta =90 
= 22.697(4) A gamma =90 
Volume 4875(2) A3  
Number of reflections for cell 80 (12 <0 < 13 O) 
Z 4 
Density (calculated) 1.672 Mg/m3  
Absorption coefficient 1.541 niin 
F(000) 2444 
Crystal description Orange Blocks 
Crystal size 0.31 x 0.27 x 0.19mm 
Theta range for data collection 2.52 to 25.06  
Index ranges 0<=h<Z=13, 0<=k<22, 0<1i27 
Reflections collected 4607 
Independent reflections 4292 [R(int) = 0.08981 
Scan type 0)-0 
Absorption correction Psi-scans (Tmj 	0.23166, Tmax=0.26556) 
Solution direct (SHELXS-97 (Sheldrick, 1990)) 
Refinement type Full-matrix least-squares on F2 
Program used for refinement SHELXL-97 
Hydrogen atom placement Geometric 
Hydrogen atom treatment Riding 
Data / restraints / parameters 4292/0/316 
Goodness-of-fit on F2 0.992 
Conventional R [F>4sigma(F)] RI = 0.0931 [1581 data] 
Weighted R (F2 and all data) wR2 = 0.2428 
Extinction coefficient 0 
Final maximum &a 0.000 
Weighting scheme caic w=1I[\&(Fo2)+(0.09 I 2P)2+0.0000P] where P(F02+2Fc)/3 
Largest duff. Peak and hole 0.788 and -0.432 e.A 3  
RM 
Table 26 Selected bond lengths [A] and angles [O]  for [(Ph3P)2Cu'(OPhF)2Cu11(OPhF)2Cu'(PPh3)2] 
(22) (Figure 4.19) 
Cu(l)-O(11) 2.157(8) 
Cu( 1 )-0(2 1) 2.200(7) 
Cu(1)-P(1) 2.212(4) 
Cu( 1 )-P(2) 2.208(4) 
Cu(2)-0(l l)#1 1.917(7) 
Cu(2)-O(l 1) 1.917(7) 
Cu(2)-0(2 I )# 1 1.934(8) 
Cu(2)-0(2 1) 1.934(8) 
C(11)-O(1l) 1.337(15) 
C(21)-O(21) 1.350(14) 
Cu(2)-O(1 l)-Cu(1) 103.5(4) 
Cu(2)-0(21)-Cu(1) 101.3(3) 
0(1l)-Cu(1)-0(21) 71.9(3) 
0(1 1)-Cu(2)-0(21) 83.2(3) 
0(1 1)-Cu(2)-0(21)#1 96.8(3) 
0(11)# 1 -Cu(2)-O(l 1) 180.000(1) 
0(2 1)# 1 .Cu(2)-0(2 1) 180.000(2) 
0(11)# 1 -Cu(2)-0(2 1)# 1 83.2(3) 
0(11)# 1 -Cu(2)-0(2 1) 96.8(3) 
0(1 l)-Cu(1)-P(1) 107.2(3) 




C(1 1)-0(1 1)-Cu(2) 127.3(8) 
C(1 1)-0(1 1)-Cu(1) 124.3(8) 
C(2 1 )-0(2 1)-Cu( 1) 124.2(7) 
C(2 1 )-0(2 1)-Cu(2) 122 .4(8) 
Table 27 Crystal data and structure refinement for [(Me3P)2Cu'(OPhF)2Cu11(OPhF)2CU1(PMe3)2] (23) 
(Figure 4.19) 
Empirical formula C103H71Cu3F2004P4 
Formula weight 2067.60 
Wavelength 1.54178 A 
Temperature 150(2) K 
Crystal system Monoclinic 
Space group C2/c 
Unit cell dimensions 
a = 23.738(4) A alpha = 90 
b = 14.974(3) A beta = 107.447(16) 
c = 26.307(4) A gamma =90 
Volume 892 1(3) A3 
Number of reflections for cell 52 (20 <9 <22 0)  
Z 4 
Density (calculated) 1.539 Mg/m' 
Absorption coefficient 2.350 mnf' 
F(000) 4194 
Crystal description Orange block 
Crystal size 0.32 x 0.27 x 0.19 mm 
9 range for data collection 3.52 to 70.12 
Index ranges -28<h<22, -18<=k<-1 8, -26<l<32 
Reflections collected 8178 
Independent reflections 7095 [R(int) = 0.0661] 
Scan type w-0 
Absorption correction Optimised face indexed 	0.477, T,,,0.793) 
Solution Patterson (SHELXS-97 (Sheldrick, 1990)) 
Refinement type Full-matrix least-squares on F2 
Program used for refinement SHELXL-97 
Hydrogen atom placement Geometric 
Hydrogen atom treatment Riding 
Data / restraints / parameters 7095/0/573 
Goodness-of-fit on F2 0.957 
Conventional R [F>4sigma(F)] RI = 0.0574 [4307 data] 
Weighted R (F2 and all data) WR2 = 0.1528 
Extinction coefficient 0 
Final maximum Ala 0.001 
Weighting scheme CaIc w=1/[\a2(Fo2)+(0.08 1 OP)2+O.0000P] where P=(F02+2Fc2)/3 
Largest duff. peak and hole 0.940 and -0.395 e.A 3  
Table 28 Selected bond lengths [A] and angles [0]  for [(Me3P)2Cu'(OPhF)2Cu11(OPhF)2Cu'(PMe3)21 
(23) (Figure 4.19) 





Cu(2)-0(l 1) 1.931(3) 
0(1 1)-C(1 1) 1.332(6) 
0(21)-C(21) 1.325(6) 
Cu(2)-0(1 1)-Cu(1) 102.05(14) 
Cu(2)-0(2 1)-Cu(1) 107.18(15) 
0(11)-Cu(l)-P(1) 119.48(10) 
0(1 1)-Cu(1)-P(2) 114.08(10) 
0(21)-Cu(1)-P(1) 111.22(10) 
0(21)-Cu(1).P(2) 115.76(10) 
0(1 1)-Cu(2)-0(1 1)#1 101.2(2) 
0(21)-Cu(1)-0(l 1) 69.91(12) 
0(21 )-Cu(2)-O( 11) 80.72(14) 
0(21)-Cu(2)-0(l l)#1 177.76(15) 
0(21 )# 1 -Cu(2)-0(2 1) 97.4(2) 
P(1)-Cu(1)-P(2) 117.40(6) 
C(11)-0(11)-Cu(1) 126.6(3) 
C(1 1)-O(l 1)-Cu(2) 127.0(3) 
C(21)-0(21)-Cu(1) 117.4(3) 
C(2 1)-0(2 I )-Cu(2) 129 .4(3) 
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